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PREFACE TO SECOND EDITION 


In this edition a small amount of material, giving obsolete practice, 
has been deleted and a large amount of new material has been added, so 
that the text reasonably well represents modern practice in radio communi- 
cation, without burdening the reader with any but elementary theory. 
With the idea of making more useful the small amount of theory that is 
presented, a large number of illustrative problems has been inserted 
throughout the text; these problems have all been worked out and so 
may serve as models for the instructor in making up new ones for class- 
room work. 


J. EM. 
Oct. 1, 1933. 


PREFACE TO FIRST EDITION 


During the past few years the author has received many suggestions 
that an introductory volume to his more comprehensive text “Principles 
of Radio Communication”’ would fill a real need. It is with the idea of 
filling such a need that the following simple text in radio has been written. 
There are thousands of students today, in schools and out, who are suffi- 
ciently interested in the subject to desire something more sound and 
thorough than the many ‘‘popular”’ texts on radio which have appeared, 
but who have neither the preparation nor time to attempt such a text as 
the author’s ‘‘Principles.”’ It is for these students that the “‘Elements of 
Radio Communication” has been prepared. 

This text is not a collection of excerpts from the larger volume, but has 
been written entirely anew. The general scheme is the same as that which 
gave the “Principles” its popularity, namely, a general view of those parts 
of the alternating-current theory which are of fundamental importance in 
radio, followed by the specific applications of these principles to radio 
telegraphy and telephony. 

Practically no mathematical preparation more advanced than algebra 
is required for complete mastery of this elementary text. It is, neverthe- 
less, sufficiently complete for any radio enthusiast except the engineers 
specializing in this branch of communication; for these the text forms a 
reasonable introduction to the subject. 

A large proportion of the students of radio are naturally interested in 
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broadcasting, so most of the specific treatment is directed to this field. 
Reasonable amplifications, power factors, losses, etc., are given for appa- 
ratus designed for the broadcasting frequencies. Curves illustrating the 
performance of radio circuits are in general typical of their action in this 
band of frequencies. 

The last chapter deals with all kinds of receiving sets, from a simple 
crystal circuit to the most modern a-c operated receiver. Balanced cir- 
cuits, push-pull amplifiers, different types of loud speakers, selectivity and 
fidelity of amplifiers, filters, etc., are all dealt with as thoroughly as space 
allows. 

Accompanying each chapter is a set of problems which should prove 
of much value to both instructor and student. The problems are, for the 
most part, made up from the circuits of actual radio receivers, so that as 
the student works them he not only becomes familiar with the principles 
of radio circuits, but also gains a knowledge of the actual performance of 
these circuits as they are incorporated in modern radio receivers. 


d; Hone 
May 1, 1929. _ 
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CHAPTER I 
SIMPLE LAWS OF ELECTRIC CIRCUITS 


1-1. Applications of the Electric Current.—It is almost impossible 
today to find any technical development which does not use as an essential 
feature some action of the electric current. More and more the applica- 
tion of the electric current makes our work easier, or accomplishes a given 
task more efficiently. 

The ordinary doorbell uses the small amount of power delivered from 
one dry cell; the switch which is closed when the button is pressed permits 
current from the dry cell to flow through the magnets of the bell and so 
attract the iron armature to strike the bell. (The power and forces involved 
are small, and the distance covered by the electric circuit is measured 
in feet. 

The trolley car draws its power from a generating plant miles away and 
the amount of power required is measured in hundreds of horsepower, and 
in the case of heavy subway trains, in thousands of horsepower. The 
forces involved are produced in just the same way as that of the doorbell, 
and the laws according to which the power is developed are the same 
for both. 

In the art of refining metals by electrolysis, and in electroplating, the 
electric current is made to flow through solutions, and instead of develop- 
ing mechanical forces, as for the doorbell and trolley-car motor, it carries 
along with it molecules of the metal which is to be refined, or used to coat 
the article to be plated. 

In the ordinary electric light the current is made to flow through a 
wire and heat it to incandescence. No mechanical forces are utilized and 
the current does not carry any metal, but in its passage through the wire 
it agitates the molecules of the wire to such an extent that they send off 
electromagnetic waves which we call light. The action of the current in 
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this case is merely to heat the wire; the power used in this lighting service 
is measured in millions of horsepower. 

When one speaks into the mouthpiece of the ordinary telephone set, 
the sound waves generated in the throat act on the light diaphragm of the 
microphone and cause the current flowing through the microphone to vary 
in accordance with the voice waves. These fluctuations in the current 
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Fig. 1-1.—Indicating how electromagnetic waves are guided along wires in the ordinary 
scheme of telephony. 


may be sent through telephone wires and cables thousands of miles long 
and at the distant end give off sound waves practically the same as those 
of the speaker, as suggested in Fig. 1-1. The amount. of power used for 
this service is very small when compared to that used for lighting; for 
example, for one telephone channel the amount of power used is about 
one-thousandth that required for a small incandescent light. 
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Fria. 1-2.—In radio communication the electromagnetic waves are shaken free from 
the antenna, and spread out and upward; their travel is sometimes confined to 
the hollow sphere between the earth’s surface and the ionized atmosphere, about 
150 miles above the earth’s surface. 


In the specific service which it is the purpose of this book to analyze, 
an electric current is made to flow to and fro in a vertical wire (the 
transmitting antenna) about a million times per second. The strength of 
this current is made to increase or decrease in accordance with the voice of 
a speaker, or the complex sound waves from an orchestra. In another 
vertical wire (the receiving antenna), hundreds, or perhaps thousands, of 
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miles away, corresponding currents are set up and, when properly ampli- 
fied by the modern radio receiving set, give off a practically perfect repro- 
duction of the voice or orchestra at the transmitting antenna, as suggested 
in Fig. 1-2. In this service there is no connecting wire between the sender 
and the receiver as there is in the ordinary telephone conversation and it 
was therefore originally called wireless communication; it is nowadays 
called radio communication or merely radio. The power is radiated from 
the transmitting antenna, the same as heat and light are radiated from 
the sun; such radiated energy not only requires no connecting wires for 
its transmission, but actually travels better through a vacuum than it 
does through air. 

In this book we shail analyze the elementary laws involved in the send- 
ing and receiving apparatus of the radio communication scheme, as well 
as the laws (so far as they are known) governing the actual travel of the 
radiated energy. This will require a general review of the action of con- 
tinuous and alternating currents and a special study of the action of very 
high-frequency alternating currents in so far as this differs from that of 
alternating currents of ordinary frequency. In the complete scheme of 
radio communication there are employed continuous currents and pulsating 
currents, as well as low- and high-frequency alternating currents; therefore, 
we must have a rather comprehensive grasp of electric currents in general 
before we can understand radio. 

1-2. Electrons.—It has been firmly established that every atom of 
matter is charged with minute particles of electricity, so-called electrons. 
An electron when detached from the atom of matter with which it is associ- 
ated shows none of the properties of ordinary matter. It does not react 
chemically with other electrons to produce some new substance; moreover, 
all electrons are similar, no matter from what type of atom they have been 
extracted. Thus the electron from the hydrogen atom acts precisely the 
same as the electron from oxygen, iron, chlorine, or any other substance. 
It seems that the electron is nothing but electricity. It is definite in amount, 
always being exactly the same, and is generally supposed to be the smallest 
possible quantity of electricity, i.e., electricity cannot be subdivided into 
quantities any smaller than the electron. 

The charge on one electron is known very accurately; it is 1.59 X 10-19 
coulomb. This means that one coulomb of electricity is equal to the 
amount of charge on 6.28 X 10!8 electrons. 

Problem 1-1. How many electrons are there in one microcoulomb? As the amount 
of electricity in one microcoulomb is one-millionth that in one coulomb, the number 
of electrons will be one-millionth as much, or 6.28 * 1018 & 107° = 6.28 x 10". 

Problem 1-2. If the smallest measurable charge by a certain method is one ten- 
thousandth of a microcoulomb, how many electrons are required? One ten-thousandth 


of a microcoulomb is 1074 microcoulomb or 10719 coulomb. ‘The number of electrons 
required is then 6.28 <X 1018 X 107!° = 6.28 X 108. 
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1-3. Modern View of the Electric Current.—It is now generally taken 
as a fact that an electric current is nothing but a moving electron, or 
electrons. The amount of electricity on one electron is so small that the 
current produced by one electron in motion cannot be detected by the 
finest current-measuring instrument, even the most sensitive. To produce 
currents of the magnitude occurring in every-day experience requires the 
motion of electrons measured in billions of billions per second. 

An ordinary incandescent lamp requires a current of about one ampere; 
such a current requires that about 10! (a number made up of 1 followed 
by nineteen ciphers) electrons flow past any point in the circuit each 
second. This large number per second might be brought about by a 
comparatively few electrons moving rapidly or by a great many moving 
more slowly. Contrary to what one might naturally think, the progressive 
motion of the electrons in a wire carrying current is very slow. To produce a 
current of one ampere in a copper wire one millimeter in diameter requires 
that the average velocity of the electrons be only about 0.001 cm per sec. 
This figure is based on the generally accepted assumption that in such a 
metal as copper there are about as many free electrons (not bound to any 
special atom) as there are atoms. 


Problem 1-3. The current in a certain circuit transports 15 coulombs per second 
past any given point in the circuit; how many electrons pass this point in one minute? 
A current of 15 coulombs per second (15 amperes) transports 60 15 coulombs in one 
minute, and this is equal to 900 coulombs. As there are 6.28 < 1018 electrons in one 
coulomb there flow past any point in this circuit, in one minute, 900 X 6.28 x 1018 
= 5.652 X 10?! electrons. 

Problem 1-4. A sensitive galvanometer shows 1 cm deflection with a current of 
10-° ampere. How many electrons per second are flowing through it when the 
deflection is 2.7 ecm? Assuming the deflection to be proportional to the current (this 
is generally the case for small deflections), there is a current of 2.7 X 10-* ampere 
flowing; this is equivalent to 6.28 X 1018 x 2.7 x 107° = 1.696 X 10!° electrons per 
second. 

Problem 1-5. The most sensitive current-indicating device made will give a reading 
with one hundred thousandth of one micro-microampere. How many electrons per 
second are required? The current specified is 107!” ampere hence there are required 
6.28 X 108 x 10-17 = 62.8 electrons per second. (A fraction of one electron has no 
significance, hence the proper answer is 63.) 


1-4. Velocity of Motion of the Electrons.—Although the progressive 
motion of the electrons is very slow, as indicated in the above statement, 
it must not be thought that the actual velocity of the electrons is small. 
If we assume the validity of certain theorems of molecular mechanics (the 
“ equipartition of energy ”’ concept, for example) and thus calculate the 
average velocity of the electrons in a copper wire at ordinary temperature, 
we obtain a result of about 6 X 10°cm persec. That is, even if no current 
is flowing in the wire the electrons have a haphazard motion, due to the 
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thermal agitation of the atoms, which gives them on the average a velocity 
of about 25 miles a second. 

Now when current flows through the copper wire, the required pro- 
gressive velocity of the electrons is only a fraction of one centimeter a 
second; even with a current so large that the copper wire is heated to the 
melting temperature, the velocity of drift of the electrons is less than one 
centimeter per second. Thus an accurate concept of the electric current 
in a conductor shows it to be an imperceptible drift of the electrons, which 
have, owing to temperature effects, heterogeneous velocities millions of 
times as great as the velocity of drift. 

The reason for the slow progressive motion of the electrons is to be 
seen in the tremendous number of collisions they have with the molecules 
of the metal. A given electron, acted upon by the potential gradient of the 
wire-carrying current, accelerates very rapidly and would acquire tremend- 
ous velocities if it did not continually collide with the more massive atoms 
of the metal. 

It might seem that the electrons would gain considerable net velocity 
along the conductor in spite of the numerous collisions with atoms, but 
such is not the fact. The mass of an atom or molecule is many thousand 
times as great as that of an electron; in copper, for example, the mass of 
the molecule is about one hundred thousand times as much as that of the 
electron. When a collision occurs, therefore, between an electron and a 
copper molecule, the electron rebounds from the molecule with practically 
the same velocity in the backward direction as the forward velocity it had 
before colliding with the molecule. 

There are instances where the electron does not collide with molecules 
and here the electrons acquire very high velocities. Thus in the vacuum 
tube the electrons leave the heated filament and flow through the vacuous 
space to the plate of the tube. In this vacuous space there are practically 
no molecules to hinder the electron’s flow and it attains a velocity, before 
striking the plate, frequently measured in thousands of miles per second! 


Problem 1-6. A copper wire 1 sq mm in cross-section is carrying a current of one 
ampere; on the average, how fast are the electrons drifting along the wire? Using the 
approximation that there are 102% atoms of copper per cc and that there is one free elec- 
tron per atom, there will be 10?! free electrons per cm length of the wire. Evidently if 
these electrons in the wire were moving with an average velocity of 1 cm per sec all of 
the 10?! electrons in each centimeter length of the wire would move by some point in 
one second. Hence as one ampere requires 6.28 < 10'8 electrons per sec it follows that 
the electrons in the wire must be drifting with an average velocity of 6.28 1018/1074 
= 6.28 < 107% = 0.00628 cm per sec. 

Problem 1-7. In the above, if the electrons in the wire should be moving with an 
average velocity of one centimeter per second how much current would the wire be 
carrying? The current would be 10?!/6.28 x 10% = 159 amperes. (This would be 
impossible as the wire would melt.) 
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Problem 1-8. In the space between the plate and filament of a certain vacuum tube 
there are, on the average 101° electrons. If the current from plate to filament is 0.01 
ampere, how fast are these ‘‘space charge” electrons moving? A current of 0.01 ampere 
requires 6.28 X 101° electrons per sec. The velocity must therefore be equal to 6.28 X 
1016/1019 = 6:28 < 10® cm per sec. 

1-5. Direct, or Continuous, Current.—In some circuits, as for example 
those used for electroplating, it is necessary that the electrons continually 
progress in the same direction, around the circuit. The motors which 
drive trolley cars are another illustration of apparatus requiring the 
electrons to progress around the circuit continually in the same direction. 
The current required for charging a storage battery is of the same kind. 

When the electric current consists of such a uniform, unidirectional 
motion of the electrons it is said to be a direct, or continuous, current. 
In the early art of electrical engineering practically all uses of electric 
power required continuous current, but at present continuous current is 
used only in special cases. In radio circuits continuous current has been 
common for heating the filaments of the vacuum tubes (although at present 
alternating current is being used more and more) and is always required 
for the plate circuit of the vacuum tube. A continuous current supply is 
also always required for the so-called C battery circuit of a radio receiver. 

1-6. Units of Current.—The common unit of current is the ampere; 
like all other standard quantities it has been fixed by international agree- 
ment, and is taken as that current which will electroplate silver at a certain 
rate. It suffices for the beginning student to know approximately the 
value of the ampere. Vacuum tubes designed for storage-battery opera- 
tion use about 0.25 ampere to heat their filaments. The ordinary 100-watt 
incandescent lamp uses about one ampere of current. The plate circuit 
of the ordinary vacuum tube uses about one-thousandth of one ampere; 
a current of this magnitude (0.001 ampere) is called one milliampere. 
Occasionally currents as small as one-millionth of one ampere are used; 
such a current is called one microampere. 

Problem 1-9. The hot filament of a vacuum tube is evaporating 10'° electrons per 
sec. If all of these are pulled across to the plate by its positive potential what current 


flows in the plate circuit? The current is 10'°/6.28 X 10 = 0.000159 ampere = 159 
microamperes. 

Problem 1-10. A B battery furnishes a current of 25 milliamperes for 8 hours. 
How many electrons flow? The number of electrons is equal to 25 x 10-3 x 6.28 
xX 108 X 60 X 60 X 8 = 4.52 X 10”! electrons. 

Problem 1-11. How many electrons must flow to charge a 120-amp-hr storage 
battery, its ampere-hour efficiency being 90%? To give off 120 amp-hr the charge 
must supply 120/0.9 = 133.3 amp-hr. This is equal to 133.3 x 60 X 60 amp-sec 
(coulombs) = 4.76 X 10° coulombs = 4.75 X 105 X 6.28 X 10!8 electrons = 2.99 < 10% 
electrons. 


1-7. Method of Generating Continuous Current.—A device which 
generates electrical power must necessarily be one which changes energy 
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from some other form into electrical energy. Energy itself cannot be 
generated. A device, then, which generates continuous-current power 
must necessarily be a device which changes mechanical, chemical, or some 
other form of energy into electrical energy. 

For small amounts of power, batteries are extensively used. The 
ordinary “‘dry”’ battery is a combination of elements which changes 
chemical energy into electrical energy. If the battery is comprised of 
such elements that the energy change is reversible it is called a storage 
battery. Thus in radio we use dry batteries which, when used up, must 
be discarded. The zinc which has been consumed during the life of the 
battery cannot be efficiently restored. On the other hand, the well- 
known storage battery will efficiently absorb electric energy from some 
other source (generator or rectifying outfit) and afterward deliver it to 
the radio set. For larger amounts of power the direct-current (or con- 
tinuous-current) generator, run by a steam engine or similar mover, must 
be used. In this case it is the chemical energy of the burning coal which 
develops the electrical energy. 

1-8. Alternating Current.—Practically all applications of electric 
power in every-day life use alternating current; in such circuits the elec- 
trons in the wire flow first in one direction and then in the opposite direc- 
tion. Such alternating current has marked advantage over direct current, 
especially where the customer is at appreciable distance from the power 
house. 

In most of the power circuits in America the alternating current reverses 
its direction of flow 120 times a second, that is, there are 60 complete cycles 
of reversal per second. The electrons flow in the wire in one direction for 
1/120 of a second, then stop, reverse their flow and maintain this direction 
of flow for 1/120 of a second, then stop again and start to flow in the original 
direction. 

The number of complete cycles of flow is called the frequency of the 
current; the above-mentioned case would be called a 60-cycle current, or 
we might say, the frequency of the current is 60. 

The currents used in telephone conversations are alternating; the 
frequencies of these voice currents vary over a wide range. The vowel 
sounds have frequencies from perhaps 100 to 500, whereas the consonant 
frequencies reach as high as 5,000 or more. The frequencies of the currents 
used to convey the music of an orchestra extend over about the same range 
as the voice, using somewhat lower frequencies in the bass notes, however. 
Thus for organ and orchestra music the frequency range extends even 
below 50 complete vibrations per second. 

The frequency of currents used in the circuits of a radio transmitter 
or receiver are extremely high. For the ordinary transoceanic radio 
telegraphy the frequency is about 20,000 cycles per second. It is custom- 
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ary to give radio frequencies in kilocycles, one kilocycle being 1,000 cycles. 
Thus we would say that the frequency of the above-mentioned radio teleg- 
raphy current is 20 ke. 

The frequencies used by the broadcasting stations are about 1,000,000 
cycles, or 1,000 ke. Certain experimental radio channels are using fre- 
quencies as high as 60,000 ke. Difficult as it may seem to comprehend, the 
above statements are facts, and even more startling ones might be made. 
In the laboratory it has been possible to generate frequencies as high as 
600,000 ke; this means that the currents are reversing their direction of 
flow at the rate of 600,000,000 complete cycles per second! 

1-9. Methods of Generating Alternating Current.—Alternating-current 
power cannot be generated by batteries; it is practically always (except 
for telephony and radio) generated by rotating machines driven by steam 
turbines. It is not possible to generate efficiently by rotating machines 
any frequencies above about 20 ke. In very special cases machines have 
been built to generate as high as 200 ke, but such are prohibitively expen- 
sive, difficult to maintain, and extremely inefficient. 

The vacuum tube, properly arranged, will generate frequencies of the 
widest range imaginable. The same tube connected to one circuit will 
generate frequencies as low as one cycle per second and when put on another 
circuit will generate as high as 100,000,000 cycles per second. 

As mentioned previously for continuous current, no device can generate 
alternating-current power; it merely converts energy from one form into 
another. In the case of the vacuum tube, some source of continuous- 
current power is required; the vacuum tube changes a part of its 
continuous-current power supply into alternating-current power. 

1-10. Wave Form of Alternating Current.—The form of the alternating 
current generally assumed in alternating-current theory is that of a sine 
curve; the instantaneous value of the current is given by the height of the 
curve above or below the axis, and time is reckoned along the axis. 

Such a curve is used for representing either a voltage or a current; in 
Fig. 1-3 is shown a voltage curve of sinusoidal (sine curve) shape. The 
maximum value of the voltage is given by the symbol £,,; and the fre- 
quency, or number of cycles per second, is always given by the symbol f. 
The instantaneous value of the voltage is represented by e, so that the 
equation of such a voltage is then 


e-= HE, sin2eft . . % sw oe ED 


As the expression 2zf occurs so frequently it is worth while to abbreviate 
it; the symbol w is generally used in place of 2zf, so that eq. (1-1) becomes 


e = EH, sin wt 
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In case a current is being considered its equation is evidently 
t= I, sin wt 


in which 7 and J, are the instantaneous and maximum values of the current, 
respectively. 

1-11.—Effective Value of a Sine Wave.—lIt is evident that the value 
of an alternating current or voltage is continually changing, taking suc- 
cessively all values between its positive maximum and negative maximum 
values. To speak of an alternating current as ‘“‘so many amperes”’ 
obviously requires that some definite proportion of the maximum value be 
taken. This proportion is fixed by assuming that an alternating current 
has a value of one ampere when it produces heat at the same average rate 
as one ampere of continuous current, in flowing through a certain resistance, 
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Fig. 1-3.—The sine wave form, ordinarily assumed for currents and voltages in alter- 
nating-current circuits, is obtained from the projections, on one of the axes, of a 
uniformly rotating vector. 


such as the filament of an incandescent lamp. We can ascertain this 
proportionality factor either experimentally or theoretically; both give 
the same result. An alternating current of sine shape produces heat at 
the same average rate (through a certain resistance) as does one ampere of 
continuous current if the alternating current has a maximum value of 
4/2 ampere. Such an alternating current is said to have an effective value, 
or rms (root mean square) value, of one ampere. From this relation we 
get the equation 

De we ee a ele yak we ae Le) 


in which J is the value of alternating current in effective amperes. 

If for example a sine wave of alternating current has a maximum value 
of 100 milliamperes it is said to be a current of 70.7 milliamperes. 

In the same way the effective value of an alternating voltage of sine 
shape is 1/+/2 of its maximum value. If the voltage acting in an antenna 
from a distant transmitting station is of sine-wave form and has a maximum 
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value of 50 microvolts, it is specified as a signal strength of 50/ a/2 = 35 
microvolts. 

1-12. Average Value of a Sine Wave.—The average value of a sine 
wave, taken over one or more complete cycles, is evidently zero; as many 
electrons flow in one direction, during the positive alternation, as flow in 
the opposite direction, during the negative alternation, thus making the 
net movement of the electrons equal to zero. Thus a direct-current meter, 
which reads average values, will indicate zero when connected to an 
alternating-current line no matter how much current is flowing through it. 

It is sometimes useful, however, to know the average value of one 
alternation of the alternating current or voltage. If the current or voltage 
has a simple sine-wave form, i.e., there are no harmonics present, the 
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Fig. 1-4.—Two types of non-sinusoidal, or complex, waves. The upper one is the 
plate current of a triode, and the lower one is similar to the exciting current of 
an iron-core transformer. 


average value of one alternation is equal to 2/a of the maximum value, or 
63.6% of the maximum value. If the wave form is more peaked than a 
sine wave the average value is less than 63% of the peak value, and if the 
wave form is more flat than a sine wave, the average value is more than 
63% of the peak value. For a square wave the average value is equal to 
the peak value. 

1-13. Complex Waves.—Radio communication utilizes currents of 
greatly differing forms. In Fig. 14 are shown two current forms occur- 
ring continually in radio circuits. In A is shown the form of plate current 
occurring in the plate circuit of a vacuum tube used for generating alter- 
nating-current power, and in B is shown the current wave through a loud 
speaker to represent a comparatively pure musical note. In A the current 
does not even reverse, as Shown by the fact that it does not go below the 
zero line, and in B the curve is far from a sine wave. Complex as these 
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currents may seem they must be thoroughly understood by any one who 
‘attempts even an elementary understanding of radio. 

1-14. Composition of Complex Waves.—A wave is said to be periodic 
if it repeats itself; evidently both of the complex waves of Fig. 1-4 are 
periodic. Now any periodic wave, no matter how complex its shape, is 
made up of a large number of pure sine waves, all acting at the same time. 
These different sine waves are not of the same frequency but have fre- 
quencies which are multiples of the lowest frequency. If the wave has the 
appearance of curve A (Fig. 1-4) it is composed of a certain amount of 
continuous current, in addition to a large number of sine waves. The 
magnitude of the continuous-current component is given by the average 
height of the current curve, above the zero axis. If the wave has the 
shape of curve B (Fig. 1-4) there is no continuous-current component. 
This follows from the foregoing statement regarding the magnitude of the 
continuous-current component; curve B has as much negative area (below 
the zero axis) as it has positive area (above the zero axis), hence the average 
height of curve B above the zero axis is zero. 

Let us suppose that in Fig. 1-4 curve A, the time between successive 
pulses is 0.001 second, and that the maximum instantaneous value of the 
current is 5 amperes. Then the equation of this curve would be approxi- 
mately 

@ = 1.5 + 2 sin 271,000¢ + 1.5 sin 272,000 
+ 1.2 sin 273,000¢ + 0.9 sin 274,000¢ 


= O37 sin 255,000 660s Gy sg wR) 


The first term, 1.5, represents the continuous-current component of 
the wave; the second term, 2 sin 271,000t, is the fundamental alternating 
current with a frequency of 1,000 cycles. The third term, 1.5sin 
272,000, has twice the frequency of the fundamental and is called the 
second harmonic. The fourth term, 1.2 sin 273,000t, has three times the 
frequency of the fundamental and is called the third harmonic, etc. The 
more complex the wave form the more harmonics there are in its make-up. 

The wave form of curve B of Fig. 1-4 is a much simpler case of distor- 
tion than is that of curve A. It is closely representable by the equation 


i = 3.5 sin 271,000¢ + 2 sin (273,000¢ — 30°) + 1 sin 25,0004 (1-4) 


This wave is then composed of a fundamental of 3.5 amperes, a third 
harmonic of 2 amperes, lagging 30° behind the fundamental, and a fifth 
harmonic of 1 ampere. This wave has no continuous-current component; 
its average value is zero, there being as much curve area above the axis as 
there is below. The two wave forms of Fig. 1-4 are evidently much 
distorted compared to the sine wave of Fig. 1-3 but they are very simple 
compared to the forms representing the voice and music of radio telephony. 
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1-15. Effective and Average Values of Complex Waves.—If a complex 
wave of current is sent through an accurate alternating-current ammeter 
this will read the effective value of the complex wave; if the complex current 
is sent through a direct-current ammeter this will read the average value of 
the wave. 

The effective value of a complex wave is the square root of the sum of 
the squares of the effective values of each of its components. The current 
given by eq. (1-3) has an effective value equal to 


4 1.5? +(3.)'+ (22) +(3)+ (22)'+ (*4y = 2.598 amperes, 


and this is what an accurate alternating-current ammeter would read. 
The average value of the current is 1.5 amperes, and this is what an accurate 
direct-current ammeter would read. 

If the current of eq. (1-4) flows through an alternating-current ammeter 
this should read 


| (23) at (,) + (<)- 2.935 amperes. 


The average value of the alternating current is zero, and this is what a 
direct-current ammeter would read. 


Problem 1-12. If a wavee = 100 sin wt + 50 sin 2wt + 25 sin 83at + 20 sin 4wt is im- 
pressed upon an accurate voltmeter how much will this read? The effective value of 
the fundamental is 100/+/2, of the second harmonic is 50/+/2, etc., so that the a-c 


meter 1 rea = rT . . 


rate d-c voltmeter will read zero. 

Problem 1-13. Two sine-wave alternators are connected in series as indicated in 
the diagram. One is a 1,000-cycle alternator and the other is a 500-cycle alternator. 
Evidently the voltage across the terminals A—B will be a 
complex voltage made up of 100 volts of 500 cycles and 

| 100 volts of 1,000 cycles, i.e., it is a wave having a 100- 

| — volt fundamental and a 100-volt second harmonic. How 

much will the voltmeter across A—B read? The voltmeter 

| across A—B will read the effective value of the complex 
<———_= Fa7——-——»| wave or +/ 1002 + 1002 = 141.4 volts. If the 1,000-cycle 
' machine is gradually slowed down, keeping its generated 
emf still 100 volts, the voltmeter across A—B will continue to read 141.4 volts until the 
two frequencies become very nearly the same. If one is 500 and the other is 501 cycles 
the voltmeter will fluctuate between 0 and 200, once per second. 


1-100 Volts->t<- 100 Volts—>} 
! 
! | 


1-16. Pulsating Current or Voltage.—The ordinary battery gives a 
continuous voltage so nearly constant in magnitude that the most sensitive 
instrument detects no change. A continuous-current generator, on the 
other hand, gives a voltage which, while constant enough for operating 
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motors, charging batteries, etc., has a fluctuation in magnitude which is 
readily detectable by various instruments. The fluctuation is of audible 
frequency and can often be heard over 
radio-telephone channels as a_ high 
musical hum. For an ordinary gener- 
ator the voltage equation might be 


e= 110 + 1sin 27800 . (1-5) 


1 
B00 second 
110 |volts 


Magnitude of ripple 
less than one volt 


The second term of the equation is 
referred to as the commutation ripple, 
and it is this ripple which seriously 
interferes with the use of direct-current Fic. 1-5.—The voltage of even a con- 
power lines for operating a radio re- tinuous (or direct) current generator 

: is not really uniform; it has slight 
ceiver. Such a voltage has about the 

: pulsations called commutation 

appearance of Fig. 1-5. Such a volt- ripples. 
age or current which is made up largely 


of a continuous component is said to be a pulsating voltage or current. 


Axis 


Problem 1-14. What would an accurate d-c voltmeter and an accurate a-c volt- 
meter read if the voltage of eq. (1-5) is impressed on them? The d-c meter would read 


1 2 
the average value, which is 110 volts. The a-c meter would read 4/110? + (=;) ; 


V2 
which is so close to 110 that this is what the a-c meter would read. 
Problem 1-15. The form of the charging current of a storage battery, supplied by a 
mercury arc rectifier, is given by the equation 7 = 15 + 10 sin 27120% What would 
the two types of meter read? The d-c ammeter will read 15 amperes and the a-c am- 


2 


meter will read 5 se (=) = 16.60 amperes. 

Problem 1-16. It is known that the form of the charging current of a battery is 
closely enough given by a constant term and a 120-cycle sine wave. An accurate d-c 
meter in the charging circuit reads 10 amperes, and an accurate a-c meter reads 11.4 
amperes. How much does the current fluctuate? From the analysis so far given it is 
evident that the effective value of the a-c component of the charging current is given 
by +/11.42 — 10? = 5.47 amperes. The maximum value of the a-c component is then 
5.47 X 1/2 = 7.74 amperes. The pulsating charging current therefore hes a maximum 
value of 10 + 7.74 = 17.74 amperes and a minimum value of 10 — 7.74 = 2.26 amperes. 
The per cent fluctuation is (7.74/10) « 100% = 77.4%. 

Problem 1-17. A half-wave rectifier delivers a series of sine-wave pulses, as in the 
accompanying diagram. What will the two types of meters 
read? The square root of the average square of such a 
wave is obtained most easily by calculus and is equal to 
2.50 amperes, and this is what the a-c ammeter will 


a ee read. The average value of such a wave is equal to 
" ‘l20 second 1/2 X 2/7 X 5 = 1.592 amperes, and this is what the d-c 


; 1/29 second 
meter will read. 
Problem 1-18. A full-wave rectifier delivers a series of sine-wave pulses having the 
form shown here, the maximum value of a pulse being 1.2 amperes; what will the two 
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types of ammeter read? The square root of the average square of such a series of pulses 
is 0.848 ampere, and this is what the a-c ammeter will read. The average value is 0.764, 
and this is what the d-c ammeter will read. 

Ae ADs Nore: The student unfamiliar with calculus can 
solve problems like these by drawing the curves on cross- 
section paper and counting the cross-section squares be- 

>f<—> tween the curve and the X-axis. By dividing the total 
number of such squares by the length of the base of the 
curve, the average height of the curve is obtained. Simi- 
larly the heights of the curve at a sufficient number of points can be squared and so the 
“squared curve” can be constructed. The average height of this squared curve is ob- 
tained as suggested above; the square root of this average height of the squared curve 
is the effective value of the original curve. 


1420 second 


With the present-day tendency to rectify alternating-current power 
supply to obtain the power for operating radio sets the question of pul- 
sating currents and voltage is of great importance. The alternating- 
current power from the house wiring has first to be rectified; this results 
in a pulsating current of the form shown in Fig. 1-6,a. By means of 
filters (see p. 89) the ripples are reduced in a series of steps so that the 


c = = = 


Source of 


pulsating 
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Fia. 1-6.—A pulsating current, such as obtained from rectification of an alternating- 
current power line, may have its pulsations practically eliminated by the action 
of a multisection filter; the successive sections have increasingly smoother current 
until at the load the current is essentially constant. 


current as it goes through successive sections of the filter has the appearance 
of curves b,c,d,ande. The filters do not appreciably oppose the flow of the 
steady component of the current (curve e) but do impede greatly the pas- 
sage of the alternating components of the current (the ripples of curves a, 
b, c, and d). Later in the chapter we shall show how filters accomplish 
this separation of the continuous and alternating components of a wave. 
1-17. Voltage, and How Produced.—Currents always flow in electrical 
circuits under the action of some electric pressure; there must be some- 
where in the circuit a device which is generating, or setting up, this pressure. 
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This electric pressure which causes the electrons to flow along the conductor 
(that is, produce an electric current) is generally said to be a voltage, or 
electromotive force, and is measured in volts. In just this same way 
water is caused to flow in pipes by some device which generates a pressure; 
thus the centrifugal pump of a fire engine corresponds to the voltage- 
generating device of the electric circuit. In the electric circuit we have 
practically only two methods of generating electromotive force or voltage, 
the generator and the battery. There are some other methods of generating 
voltage but they are of comparatively little importance. 

There are generators which are so built that they develop a voltage 
always in the same direction and practically constant in magnitude; such 
a machine is called a direct-current, or continuous-current, generator. It 
is always equipped with a commutator on which brushes make contact for 
connecting the revolving armature (the seat of the voltage) with the 
external circuit. As indicated in Fig. 1-5, such generators do not develop 
a really continuous voltage; there is always a slight irregularity, the com- 
mutation ripple, which must be filtered out if the power of the generator is 
to be used for operating a radio receiver or transmitter. 

There is another type of generator called an alternator which gener- 
ates a voltage continually reversing in direction, just like the wave depicted 
in Fig. 1-3. An alternator generally has a stationary armature, the field 
poles revolving. The frequency of reversal of the voltage (or simply 
frequency) in general American practice is either 60 cycles per second or 
25 cycles per second. The power supplied to houses for lighting purposes 
is nearly always 60-cycle current. 

In addition to these two types of generators for producing an electric 
pressure, or voltage, there is available the battery, which utilizes a chem- 
ical action to maintain a voltage. We may use either a primary battery, 
which utilizes an irreversible chemical cycle to set up its electric pressure, 
or the storage battery, which utilizes a reversible chemical cycle in develop- 
ing its voltage. Both types of battery generate an extremely constant 
voltage, it being so constant that the very finest electrical instruments can 
detect no fluctuations. To be sure, as the battery delivers energy to its 
connected load its voltage gradually falls, but the fall is so slow and uni- 
form that for any short period of time the battery may be considered as a 
source of constant voltage, or electromotive force. 

1-18. Rectifiers.— Whereas it is generally good engineering to use an 
alternating-current motor running a continuous-current generator to obtain 
the desired constant voltage, this is not practicable for such small amounts 
of power as are required for the average receiving set; the cost is prohibitive. 

An electric valve of some kind is usually employed to rectify the 
alternating-current supply. Several types of such valves are used today, 
all of which operate in fundamentally the same fashion; for a given mag- 
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nitude of impressed voltage they pass more current in one direction than in 
the other. A perfect valve would pass no current at all in the undesired 
direction but most valves do pass a small amount of so-called reverse 
current. 

The mercury-arc rectifier of Cooper Hewitt uses a glass tube filled with 
mercury vapor having as its two electrodes graphite and liquid mercury. 
In operation the glass bulb is filled with the characteristic green glow of 
ionized (conducting) mercury vapor, and a small white-hot spot in the pool 
of mercury indicates the place where the current enters the mercury 
electrode. Such rectifiers pass many amperes of current when the mercury 
is negative and practically none when the mercury is positive. 

The liquid rectifier may use various electrolytes and electrodes, but 
those commonly employed are lead and aluminum for electrodes and 
boric acid for electrolyte. There is a slight reversed current in such recti- 
fiers and they cannot carry much current. Such rectifiers are generally 
used as so-called trickle chargers for storage batteries. 

A practically perfect rectifier utilizes a hot and cold electrode in an 
evacuated vessel; it is called a diode. The hot electrode is generally a 
tungsten filament heated to incandescence by an electric current and the 
cold electrode a metallic plate close to, or surrounding, the heated filament. 
This type of valve passes no reversed current even if the reversed voltage 
is hundreds or thousands of volts; when the plate is positive a current of 
an ampere or more may flow, the magnitude of this current depending upon 
the size and temperature of the filament. This type of rectifier is used 
extensively in the power-supply apparatus for modern radio receivers; it 
will be further discussed in Chapter IV. 

A slightly modified form of the vacwum valve utilizes the same elements, 
but the enclosing vessel contains an inert gas at a pressure about half that 
of the atmosphere. The effect of the inert gas is to increase the amount 
of rectified current, for a given plate voltage and filament size. This gas 
type of valve (of which the Tungar is an example) will not stand as much 
reversed voltage as the vacuum valve, but in many cases this is of no 
importance. In another type of gas valve no hot filament at all is used. 
A comparatively low gas pressure is used, and the valve rectifies as a con- 
sequence of the peculiar shape of its two cold electrodes. 

The rectifier most employed today is a valve using a plate and hot 
filament, operating in a low pressure of mercury vapor. The Twungar, as 
mentioned above, uses a pure tungsten filament, white hot, and a gas 
pressure of about 5 cm, whereas this new hot-cathode, mercury-vapor rectifier 
uses an oxide-coated cathode, operating at a dull red heat, in a mercury- 
vapor pressure of less than 0.1mm. The voltage required to send current 
through such a tube in the permeable direction (electrons from filament to 
plate) is from 10 to 20 volts, whereas several thousand volts are required 
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to “break down” the tube in the opposite direction. Fig. 1-7 shows the 
voltage characteristics of a typical tube; it must operate with the coolest 
part of the tube (which determines the pressure of mercury vapor) between 
15 C and 65C. If the tube becomes too cool the drop in the permeable , 
direction becomes more than 25 volts and the cathode surface is ruined by 
positive-ion bombardment; if the tube becomes too hot the mercury- 
vapor pressure increases too much, and the tube breaks down in the reverse 
direction at too low a voltage. There are always a few drops of liquid 
mercury present in these tubes, so 
that as the temperature varies the 
mercury-vapor pressure can corre- 
spondingly change. 

One of the more recent rectifiers 
utilizes an oxide of copper coating 
on a copper plate. Across the junc- 
tion of this oxide and copper, cur- 
rent flows readily in one direction 
and practically none flows in the 
reverse direction until the reversed 
voltage is several volts. Such cop- 
per oxide rectifiers, although not used 30 
extensively at present, seem likely 
to prove of much importance in the 
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In Fig. 1-8 is shown a typical frye. 1-7.—An evacuated bulb having a 
curve of the performance of a rec- hot filament, and some free mercury, 
tifier; this one is for a copper oxide will carry much current in one direction, 


rectifier having about 4 sq in. of at only a few volts drop, whereas in the 
i reverse direction many thousands of 


rectifying surface. The safe current volts are required to make it carry any 
is limited by heating; if too much current at all. 

current is drawn through the recti- 

fier it becomes too hot and the oxide will crack off from the copper and 
the rectifier is spoiled. 

These various rectifiers change alternating current into pulsating direct 
current; to smooth out the fluctuation, filters (see p. 89) must be used 
between the rectifiers and the radio set. 

1-19. Current Flow in a Continuous-Current Circuit. When a battery 
or other source of continuous voltage is connected to a closed circuit, such 
as a coil of wire, incandescent lamp, filament of a vacuum tube, etc., a 
continuous current will flow, and the magnitude of the current is deter- 
mined by the amount of voltage and the resistance of the circuit. By a 
closed circuit is meant one in which the two terminals, or poles, of the 
source of emf are joined by a continuous circuit of conducting material. In 
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general the circuit will be a continuous path of metallic conductor, but in 
certain cases, such as a storage battery, part of the closed circuit consists 
of a conducting liquid. Contrasted to a closed circuit we have the open 
circuit in which the continuous conducting path is interrupted by some 
insulating material. Thus the filament circuit of the ordinary radio 
receiver is a closed circuit when the filaments are lighted; when the filament 
switch is opened the air separating the two metallic contacts of the switch 
prevents current flow and so the circuit is open. 

Frequently the transformers of a radio receiver become open-circutted ; 
the fine wire of which the coils are made breaks and the minute air gap thus 


Copper oxide rectifier 
Four square inches 
of rectifying area 

Maximum safe 20°C 

reversed voltage = 3.5 


Rating of unit =1 amp. (c.c.) 


Millia\nperes 


Fia. 1-8.—Showing the rectifying action of the film between a copper plate and a 
cuprous oxide coating which has been properly formed. 


formed between the two broken ends prevents current flow and so the 
winding changes from a closed circuit to an open circuit. 

The amount of current which flows in a closed circuit depends upon the 
voltage impressed and the resistance of the path. The filament of the 
ordinary vacuum tube is designed for a 6-volt circuit; if a battery of three 
storage cells in series is connected to the filament it operates satisfactorily. 
However, if, as sometimes happens, the B battery of the radio receiver is 
connected to the filament circuit, the filament is heated to such an extent 
that it volatilizes, in a small fraction of a second. The voltage of the B 
battery is several times as large as that for which the filament is designed; 
too much current flows and the filament is burned out. 

Even when the same voltage is used different circuits draw different 
amounts of current. Thus if a 4-volt supply is connected to the filament 
of a 199 type of tube about 0.06 ampere will flow, whereas if the filament of 
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a type 201-A tube is connected to the 4-volt supply about 0.20 ampere will 
flow. ‘This is because the resistance of the type 201 filament is much lower 
than that of the other. 

1-20. Resistance.—The resistance of a circuit depends upon what 
material the circuit is composed of, its length, and its cross-section. In 
general, metals offer much lower resistance than any other substances; 
silver and copper offer lower resistance than any of the other metals. Of 
these two, silver has the lower resistance but as the copper is so much 
cheaper it is almost universally used in electrical apparatus. 

Tungsten has a resistance about four times as great as that of copper; 
it is used for the filaments of vacuum tubes primarily because it does not 
melt or evaporate appreciably at the high temperatures required for fila- 
ment operation. Sulphuric acid solution such as is used in storage batteries 
has a resistance about one million times as great as that of copper; to keep 
the resistance of such a battery reasonably low, therefore, the length of 
path through the solution from positive to negative plate must be small, 
and the cross-sectional area of the solution must be large. Both of these 
conditions are satisfied in the ordinary battery; as a result the resistance 
of the path through the acid solution is much less than one ohm, the unit of 
resistance. 

To control the current through the filament of a vacuum tube an extra 
adjustable resistance is connected in series with it; by increasing the 
amount of this added resistance the filament current is cut down. This 
extra resistance has a sliding contact by means of which more or less of the 
resistance is introduced in the circuit; it is generally called a rheostat. As 
a rheostat performs its function solely by virtue of its resistance, the wire 
of which it is made is generally some high-resistance metal; certain alloys 
of copper and nickel are generally used, having a resistance about twenty 
times as great as that of an equal-sized copper wire. 

The resistance of a conductor is expressed by the formula 


jae ser en Ma nce 
a 


in which J = length of conductor; 
a = cross-section of the conductor; 
p = a constant depending for its value upon the metal used; and 
R = the resistance. 


In American practice | is generally measured in feet, a is measured in 
circular mils, and p is given in ohms per mil-foot. A circular mil is the area 
of a circle 0.001 in. in diameter. The resistance of copper per mil-foot is 
about 10.5 ohms. This is the figure for ordinary temperature; it increases 
about 0.4 per cent for each degree (C) rise in temperature. 
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As an illustration of the use of this formula we will calculate the resist- 
ance of the secondary winding of an amplifying transformer wound with 
10,000 turns of copper wire 0.005 in. in diameter, the average length of one 
turn being 6 in. 

As the area of a circle varies with the square of the diameter, this wire 
has a cross-section of 25 circular mils; its total length is 5,000 ft. Then 


5,000 
RK = 10.5 X oes = 2,100 ohms 


The copper wire used in American practice is made in a series of sizes 
which are determined by the Brown & Sharpe gage. The sizes, cross- 
sections, and resistances of the various wires made in accordance with this 
gage are given in Table I-I. 

In Table I-II are given the specific resistances of various metals in more 
or less common use for filaments, rheostats, fuses, coils, ballast lamps, etc. ; 
the value of resistance is given in both microhms (10~® ohm) per centi- 
meter cube and ohms per mil-foot. The temperature coefficient shown in 
the last column gives the fractional increase in resistance (over the value 
at 0 C) for each degree of temperature rise above 0°. Many of the high- 
resistance alloys are known only under the trade name of the manufacturer. 

Ordinary tap water shows a resistance of from 1,200 to 12,000 ohms per 
em cube, the ordinary value being about 4,000. Acid and salt solutions 
have resistances of a few ohms per centimeter cube; the acid solution used 
in a lead storage cell has 1.4 ohms per em cube, and a 5% solution of ordinary 
salt has about 15 ohms. The resistance of all electrolytes decreases with 
increase of temperature, decreasing about 2% for each degree rise above 
20 C. 


Problem 1-19. A hard tungsten filament is 4 in. long and 0.0025 in. in diameter. 
What is its resistance at 0 C? The wire is 2.5 mils diameter, therefore it has a cross- 


section of 6.25 circular mils. Its length is 0.333 ft, therefore its resistance is = 
‘ : _ 0.333 
X 32.6 = 1.735 ohms. If the filament is of annealed tungsten the resistance is 6.25 


X 26.29 = 1.40 ohms. 

Problem 1-20. What is the resistance of the above filament at 2,300C? The 
increase in resistance per degree (from Table II) is 0.0051 so that at 2,300 C the hard 
filament has a resistance of 1.735 (1 + 2300 X< 0.0051) = 22.1 ohms. (This calculation 
assumes that the temperature coefficient holds constant up to 2300 C; actually it 
changes appreciably in this temperature range.) 

Problem 1-21. A ballast lamp using a soft iron wire filament has a resistance of 
3.5 ohms at 0 C, the filament being 18 in. long. What is its diameter? The resistance 


i ae. ; 1.5 : ; 
of iron is 8.85 ohms per mil-ft, so 3.5 = 8.85 X — ora = ~~ = 3.8 circular mils. 
a 3 


Its diameter must then be +/3.8 or 1.94 mils or 0.00194 in. 


e) 
a Diam- 
% eter in 
5 mils 
0000 | 460.0 
000 | 409.6 
00 | 364.8 
0 | 324.9 
1 | 289.3 
2 | 257.6 
3 | 229.4 
4 | 204.3 
5 | 181.9 
6 | 162.0 
vf 144.3 
8 | 128.5 
10 | 101.9 
12 80.81 
14 64.08 
15 57.07 
16 50.82 
17 45.26 
18 40.30 
19 35.89 
20 31.96 
21 28.46 
22 25.35 
23 22.57 
24 20.10 
25 17.90 
26 15.94 
27 14.20 
28 12.64 
29 11.26 
30 10.03 
31 8.928 
32 7.950 
33 7.080 
34 6.305 
35 5.615 
36 5.000 
38 3.965 
40 3.145 


100 Per Cent Conductivity; Density 8.89 at 20 C. 
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Sontip Copper WrrE—AMBmRICAN Wire Gaae 


Cross-section 


Circular 


Mils 


211,600 
167,800 
133,100 


105,500 
83,690 
66,370 


52,640 
41,740 
33,100 


26,250 
20,820 
16,510 


10,380 
6,530 
4,107 


3,257 
2,583 
2,048 


1,624 
1,288 
1,022 


810. 
642. 
509. 


[ot aed 


Resistance at 


20 C. or 68 F.t 


Weight in Pounds 


ooo ooo ooo 


ooo 


ooo ooo ooo ooo Sirs 


ooo 


ooo 


ooo ooo 


Square 
Inch 


. 1662 
.1318 
- 1045 


- 08289 
- 0657 

-05213 
.04134 


.03278 
. 02600 


- 02062 


01635 


.01297 


008155 
005129 
003225 


- 002558 
. 002028 
. 001609 


.001276 
.001012 
- 0008023 


- 0006363 
. 0005046 
. 0004002 


. 0003173 
. 0002517 
. 0001996 


. 0001583 
.0001255 
- 00009953 


. 00007894 
- 00006260 
- 00004964 


- 00003937 
. 00003122 
-00002476 


- 00001964 
- 00001235 
. 000007766} 1049 


21 


Feet per 
Pound 
Ohms per Ohms Per Per 
1000 Feet | Per Mile | 1000 Feet Mile 
0.04901 0.259 | 640.5 3380 1.561 
0.06180 0.326 | 507.9 2680 1.968 
0.07793 0.411 | 402.8 2130 2.482 
0.09827 0.519 | 319.5 1680 3.130 
0.1239 0.654 | 253.3 1340 3.947 
0.1563 0.825 | 200.9 1060 4.977 
0.1970 1.04 159.3 841 6.276 
0.2485 L3t 126.4 667 7.914 
0.3133 1.65 100.2 529 9.980 
0.3951 2.09 79.46 420 12.58 
0.4982 2.63 63.02 333 15.87 
0.6282 3.32 49.98 264 20.01 
0.9989 5.28 31.43 166 31.82 
1.588 8.38 19.77 104 50.59 
2.525 118356) 12.43 63.3 80.44 
3.184 16.8 9.858 52.0 101.4 
4.015 21.2 7.818 41.3 127.9 
5.064 26.7 6.200 32.7 Totes 
6.385 Bshith 4.917 26.0 203.4 
8.051 42.5 3.899 20.6 256.5 
10.15 53.6 3.092 16.3 323.4 
12.80 67.6 2.452 12.9 407.8 
16.14 85.2 1.945 10.3 514.2 
20.36 108 1.542 8.14 648.4 
25.67 135 1.223 6.46 817.7 
S230 171 0.9699 Soe) Oa 
40.82 216 0.7692 4.06 | 1,300 
51.46 272 0.6100 3.22 | 1,639 
64.90 343 0.4837 2.55 | 2,067 
81.84 432 0.3836 2.03 2,607 
103.2 545 0.3042 UGle 3.280 
130.1 687 0.2413 1.27 4,145 
164.1 866 0.1913 1.01 | 5,227 
206.9 1090 0.1517 0.814] 6,591 
260.9 1380 0.1203 0.635} 8,310 
329.0 1740 0.09542 0.504} 10,480 
414.8 2190 0.07568 0.400} 13,210 
659.6 3480 0.04759 0.251] 21,010 
5540 0.02993 0.158} 33,410 


* Reproduced from Pender’s ‘‘ Handbook for Electrical Engineers,” 1922. 
+ Let C = per cent conductivity, Ro = resistance of 100 per cent conductivity wire at 20 C (from 
table), R; = resistance of wire of conductivity C at any temperature t C, then 


100 
R, = Rolo + 0.00393 (¢ — 20) | 


22 SIMPLE LAWS OF ELECTRIC CIRCUITS 


ANON ee nae ome oo oe 
Copper, standard........ 
««  hard-drawn..... 


a3 


IMerCONY:: a saci. eestor ey 
Nickel, commercial wire. . 
Platinum, drawn........ 


Steel soltae oss eee 
Gs AE g6 ae Geen eee 
Tungsten, hard-drawn.... 
is annealed...... 


Advance (Ideal)......... 
Climax (Phoenix)........ 


Cee ATC aie erer waco 


Nichrome (Calido)....... 
Nichrome IV (Karma)... 


[Cuap. I 
TABLE J-II * 
RESISTIVITY AND TEMPERATURE COEFFICIENT 
ewe Temperature 
Resistivity Range C. | Temperature 
Coefficient 
Michroms Ohms spacing gs 
per Cm. Cube per Mil From | To 
at 0C. Foot at 0 C. 
2.62 15.76 0 100 0.00423 
1.589 9.56 0 100 0.00427 
1.60 9.62 0 100 0.00408 
2.20 13223 18 100 0.00368 
74.4 447.5 
8.85 52.3 0 100 0.00625 
19.8 119.1 0 100 0.00411 
94.07 565.9 0 100 0.00086 
9.9 59.55 0 100 0.0039 
11.0 66.17 re) 100 0.00367 
1.47 8.84 0 100 0.00400 
11.8 70.98 10 35 0.00423 
45.6 274.3 10 35 0.00161 
5.42 32.60 ) 170 0.0051 
4.37 26.29 0 170 0.0051 
inate 32.36 18 100 0.60402 
48.8 294.0 0 400 0.00002 
81.5 490.2 0.000997 
47.1 283.3 0.000005 
50.2 301.9 a <. 0.000011 
41.4 to 73.8 249 to 443 0 35 0.000011 to 
0.000039 
109.2 657.0 0 400 0.000231 
103.7 623.8 0 400 0.0001 
aerate 1000.0 20 100 0.0001 
20 800 0.000075 
rae, 800 20 100 0.00008 
20 800 0.00018 


1 michrohm per centimeter cube = 6.0153 ohms per mil-foot. 


* Values taken in part from Pender’s ‘‘ Handbook for Electrical Engineers.” 


Problem 1-22. A rheostat using nichrome wire 0.014 in. in diameter has a resistance 


of 11.75 ohms. What is the length of wire used? We have 11.75 = 657 X = or 


_ 11.78 x 196 
657 


l 


Problem 1-23. A lead storage battery has 11 plates, each 5 in. by 7 in. 
tion of the plates is 0.2 in. 


= 3.51 ft. 


The separa- 


What is the resistance of the path through the electrolyte? 
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In such a battery there are ten paths in parallel, each 35 sq in. (219 sq cm) in cross- 
section and 0.2 in. (0.51 cm) long. The resistance per path is then 1.4 x “ = 
0.0326 ohm, so that resistance of the battery is 0.00326 ohm. 

Problem 1-24. If the temperature of the above battery changes from 20 C to 40 C 
what will the new value of resistance be? Allowing a decrease in resistance of 2% per 
degree makes the resistance equal to 0.00326 (1 — 20 < 0.02) = 0.00196 ohm. 

Problem 1-25. The winding of an audio-frequency transformer consists of 6,600 
turns of No. 38 wire, the average length per turn being 8 in. What is the resistance? 
The total length is 4,400 ft, and from Table I No. 38 wire has 659.6 ohms per 1,000 ft. 
The resistance is therefore 4.4 X 659.6 = 2,900 ohms. 

Problem 1-26. A telephone receiver having two magnet coils, the average length 
per turn being 2 in., is wound with No. 40 wire and has 3,000 ohms resistance. How 
many turns are there per magnet spool? From Table I we see that No. 40 wire 
has 1,049 ohms per 1,000 ft, so there must be 3,000/1,049 = 2.86 thousands of feet of 
wire in the receiver, or 1,430 ft per magnet spool. With one turn having a length of 
2 in. there must be 8,580 turns per spool. 

Problem 1-27. At 0C the field circuit of a certain motor has 85 ohms resistance. 
How much resistance will it have at 70 C? The field windings of a motor are of copper 
wire, and from Table II copper shows a resistance rise of 0.00427 part per degree; for 
70° therefore the resistance will be 85 (1 + 70 X 0.00427) = 110 ohms. 


1-21. Resistances in Series and Parallel.—If several pieces of appara- 
tus are connected in series the total resistance is the sum of the individual 
resistances; thus a 220-ohm lamp connected in series with a transformer 
winding of 650 ohms gives a circuit having 870 ohms resistance. If several 
resistances are connected in parallel the total resistance is the reciprocal of 
the sum of the reciprocals of the resistances of the various paths. Thus 
if a 2-ohm resistance is connected in parallel with a 5-ohm resistance the 
combined paths will show a resistance which is the reciprocal of the sum of 
the reciprocals of 2and 5. This gives for the reciprocal of the total resist- 
ance the reciprocal of 1/2 + 1/5 or the reciprocal of 0.7 which is 1.429 
ohms. If the resistances of the various paths are alike the combined 
resistance is equal to that of one path divided by the number of paths in 
parallel. Thus 10 lamps, each of 220 ohms resistance, connected in parallel 
show a combined resistance of 220/10 = 22 ohms. 

It is to be noticed that for resistances connected in series the circuit 
resistance is greater than that of the highest individual resistance and for 
resistances connected in parallel the circuit resistance is lower than that of 
the lowest resistance path. 

Problem 1-28. Three filaments, each of 48 ohms resistance, are connected in series; 
what is the combined resistance? The sum of the three resistances is evidently 3 X 48 
= 144 ohms, and this is the circuit resistance. 


Problem 1-29. Three filaments, of 6.2 ohms, 3.0 ohms, and 1.2 ohms, are all con- 
nected in parallel; what is the combined resistance? The reciprocal of the combined 


= 0.161 + 0.333 + 0.833 = 1.327. The reciprocal 


of 1.327 is 0.754 ohm, and this is the circuit resistance, 


1 1 
i i 1 to — += 
resistance is equal to 62 ae 3 an 
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Problem 1-30. Two filaments, each of 4.5 ohms, are in parallel and this combination 
is in series with a rheostat having 1.7 ohms resistance. What is the circuit resistance? 
The two 4.5-ohm filaments in parallel have a combined resistance of 2.25 ohms, and 
this, in series with the 1.7-ohm rheostat, gives a circuit resistance of 2.25 + 1.7 = 3.95 
ohms. 

Norw: If filaments are connected in parallel a common rheostat should never be 
used to control their current, because if one filament happens to burn out the rest of 
them will burn out immediately. Why? 


1-22. Ohm’s Law.—This is the name given to the law which relates 
the resistance, the voltage, and the current flowing in a circuit. If E is 
the voltage impressed on the circuit, R is its resistance, the current J is 
given by the relation 
E. 


I= 
R 


(1-7) 
If J is to be given in amperes, # must be given in volts when F# is given in 
ohms. As an illustration of the application of this law let us calculate how 
much current would flow in the transformer winding of Sect. 1-20 if a 
45-volt battery is connected to its terminals. 

45 


= = 0.0214 
‘4 2100 0.0 ampere 


As radio circuits generally use but small currents, in many eases it is 
customary to use as the unit of current the milliampere (one-thousandth 
of one ampere), frequently abbreviated to mil. Thus we might say for 
the above case that the transformer winding draws 21.4 mils from its 
battery. 

A certain filament has a resistance of 5 ohms when at room temperature 
and 20 ohms when red-hot. A 6-volt battery makes it burn red. How 
much current does it draw from the battery when the switch is first closed 
and how much after it has reached a red heat? 


Starting current = 


olor 


= 1.2 amperes 
Operating current = 3% = 0.3 ampere 


Problem 1-31. A coil containing 2,400 ft of No. 30 copper wire is connected to a 
6-volt storage battery of negligible resistance. How much current flows? From Table 
I No. 30 wire has 103.2 ohms per 1,000 ft, so 2,400 ft has 248 ohms. The current 
= 6/248 = 0.0242 ampere. 

Problem 1-32. The primary of an a-f transformer having 4,750 ft of No. 36 wire is 
in series with the plate circuit of a triode which has 11,400 ohms resistance. The B 
battery used in the circuit has 90 volts emf and a resistance of 130 ohms. How much 
current flows? The transformer winding has a resistance of 4.75 X 415 = 1,970 ohms, 
so the circuit resistance is equal to 11,400 + 1,970 + 130 = 13,500 ohms. The cur- 
rent is then 90/13,500 = 0.00667 ampere or 6.67 milliamperes. 
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Problem 1-33. An “automatic grid bias resistor’ has 1,200 ohms resistance and ig 
carrying 5.3 milliamperes of current. What is the drop across it? The RJ drop is 
1,200 X 0.0053 = 6.36 volts. 

Problem 1-34. A filament having a hot resistance of 2.1 ohms requires a current of 
2.25 amperes. How much resistance should a rheostat have if the filament is to be 
operated from a 3-cell lead storage battery? The fully charged emf of such a battery 
is about 6.5 volts, and the filament requires an emf of only 2.1 * 2.25 = 4.73 volts. 
The rheostat must then have enough resistance to use up 6.5 — 4.73 = 1.77 volts when 
carrying 2.25 amperes. The required resistance is then given by 1.77/2.25 = 0.787 ohm. 

Problem 1-35. An ordinary 6-in. dry cell shows an open-circuit emf of 1.5 volts 
and a short-circuit current of 30 amperes. What is its internal resistance? Rjnz = = 
= 0.05 ohm. 

Problem 1-36. A 6-volt storage battery has an internal resistance of 0.012 ohm. 
How much current will flow if a “dead short circuit” is put in the battery? <A “dead 
short circuit” signifies that this part of the circuit has a negligible resistance, so the only 
resistance limiting the current flow is its internal resistance. The short-circuit current 
is 6/0.012 = 500 amperes. 

Problem 1-37. The resistance of the starting motor for a gasoline engine is 0.02 
ohm and the resistance of the 6-volt storage battery is 0.01 ohm, these values being for 
0C. How much current flows in starting the motor on a winter morning (— 10C), 
and how much when the temperature is 30 C? At — 10° the motor has a resistance of 
0.02(1 — 10 X 0.00427) = 0.0182 ohm, and at 30 C it has 0.02(1 + 30 x 0.00427) 
= 0.0226 ohm. At — 10° the battery has 0.01(1 + 10 X 0.02) = 0.012 ohm, and at 
30° it has 0.01(1 — 30 x 0.02) = 0.004 ohm. On the cold morning the starting cur- 
rent is 6/(0.0182 + 0.012) = 197.5 amperes, and on the hot morning it is 6/(0.0226 
+ 0.004) = 225 amperes. 


1-23. Ampere-hours.—The ampere-hour is one of the compound 
electrical units which has much significance for the owner of a battery- 
operated radio receiver. Either a storage battery or a dry battery will 
give out after being connected to its circuit a certain length of time; the 
storage cell may be recharged, but the dry cell must be discarded as it is 
impossible to recharge such batteries. If one experiments with batteries 
under different conditions it will be found that the more tubes a battery 
supplies the shorter the time it will last. Thus a storage battery which 
furnishes filament current for a set having three quarter-ampere filament 
tubes for 80 hours before requiring a recharge will operate a seven-tube set 
only about 30 hours. The three-tube set draws a current of 0.75 ampere for 
80 hours; this means that the battery is capable of delivering 80 < 0.75 = 
60 ampere-hours. The seven-tube set requires 1.75 amperes for its filament 
supply; so that the number of hours this battery will last is given by the 


ampere-hours 
equation, time = see or 60/1.75 = 34 hours. 
amperes 


The number of ampere-hours a cell is capable of delivering depends 
primarily upon its size; thus a storage battery to deliver 120 ampere-hours 
will weigh practically twice as much as one designed to give 60 ampere- 
hours per charge. The average 6-in. dry cell, such as is used for lighting 
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filaments of the 199 type of tube, has a life of about 15 ampere-hours. 
The small cells used for B batteries have of course much less capacity. 
The 221-volt battery weighing 5 Ib has about 2 ampere-hours’ life under 
average conditions, whereas the smaller type weighing 2 lb has only 
0.8 ampere-hour under the same conditions. 

The number of ampere-hours available from a dry cell depends to some 
extent upon how many tubes are being operated from it. In Fig. 1-9 
are shown curves for typical B batteries; it can be seen that the available 
ampere-hour increases as the 


ce re anal Dee current taken is decreased. 
4 hrs, per day to17 volts Thus the 2-lb battery, deliv- 

; ae | ering 5 milliamperes, will last 

r Sia ie for 1,000 milliampere-hours 
Stead 2 Pound: and when delivering 50 milli- 
5 os Se T amperes will last for only 
2 iba “J 200 milliampere-hours. This 
3 | v means that when delivering 
= 100 50 milliamperes (an overload 
i : for a battery of this size) the 
battery is used up in 4 hours 

and when delivering only 5 


milliamperes it will last 200 
5 10 50 100 500 hours. 


Current in Milliamperes 1-24 Power and Energy 
Fig. 1-9.—Small “dry” cells, such as are used —The rate at which a bate 
for B batteries, have different ampere-hour 


capacities for different rates of discharge. tery is delivering electrical 


energy to a device, such as a 
radio receiver, is generally measured in watts. When one ampere of cur- 
rent flows from a device generating one volt of electromotive force, energy 
is being used up at the rate of one watt. If the voltage source is devel- 
oping 100 volts pressure and is delivering 5 amperes a power of 500 watts 
is being exerted. When a 90-volt battery is delivering 20 milliamperes 
of current to the plate circuit of a receiver the power used is 1.8 watts. 
When a 6-volt storage battery is supplying 1.75 amperes to the filament 
circuit of a seven-tube radio receiver the power supplied to the filament 
circuit is 10.5 watts. A tube of the 199 type uses 0.06 ampere in its fila- 
ment at 3 volts; the power used for heating this filament is 0.18 watt. 

In a continuous-current circuit, as in the examples given above, the 
power is obtained by taking the product of the current in amperes, by the 
electromotive force in volts—that is 


Powerr=EHI=PR ...... (18) 


power being given in watts, H in volts, J in amperes, and R in ohms. 
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Frequently the watt is too small a unit to be conveniently used; the 
kilowatt is then employed. The milliwatt (one-thousandth of one watt) 
and microwatt (one millionth of one watt) are frequently used in radio 
calculations. 

The electrical units of power are frequently used when the energy is 
in forms other than electrical. Thus one speaks of energy given off in the 
form of sound; the rate at which energy is given off as sound may con- 
veniently be expressed in electrical units. The average speaking voice 
gives off sound energy at the rate of about 10 microwatts. 

When power is exerted for a certain duration of time energy is expended, 
or work is done. Thus if the lights in a house require one kilowatt of 
power for their operation they use in each hour one kilowatthour of 
energy. If the lights are used for 6 hours a day, 6 kwhr of work are ex- 
pended. 

If one watt of power is exerted for a time of one second then one watt- 
second of work is done. The watt-second is frequently called the joule. 
Thus a 6-volt battery delivering 2 amperes of current is furnishing each 
second 12 watt-seconds or 12 joules of energy. The ordinary speaking 
voice uses each second about 10 microjoules as sound energy. 

From these examples it is seen that 


Berg = sities, 2 oo) at cee CO) 


and if Z is in volts, J in amperes, and ¢ in seconds, the energy is given in 
watt-seconds or joules. 


Problem 1-38. A type 204-A triode requires a filament current of 3.85 amperes at 
11 volts. What is the filament resistance and how much power does the filament 
require? The “hot’’ resistance is 11/3.85 = 2.86 ohms. The “‘cold’’ resistance is 
about one-tenth as much. The power used is 11 X 3.85 = 42.3 watts, or we may say 
3.852 X 2.86 = 42.3 watts. 

Problem 1-39. How many watts are supplied to the filament of the above tube 
when the filament circuit is first closed? On the assumption that the cold resistance 
is 0.286 ohm the current is equal to 38.5 amperes and the power is 11 X 38.5 = 423 
watts. 

Problem 1-40. The filament rating of the type 851 power triode is 15.5 amperes at 
11 volts. How much power is required to heat this filament? Power = 11 X 15.5 
= 170.5 watts. 

Problem 1-41. A small triode uses a filament current of 60 milliamperes at 3 volts. 
Power? Power = 3 X 0.06 = 0.18 watt. 

Problem 1-42. A type 211 triode has a plate-circuit rating of 1,250 volts and 0.080 
ampere. How much power is used in the plate? Power = 1,250 0.08 = 100 watts. 

Problem 1-43. Type 69-A amplifier tubes are rated at 90 volts on the plate and 2.5 
milliamperes. What is the rated plate power? Power = 90 X 0.0025 = 0.224 watt. 

Problem 1-44. In a certain circuit some 205-E amplifying tubes are used with 350 
volts plate potential and a plate current of 23 milliamperes. What power is used on 
the plate? Power = 350 X 0.023 = 8.05 watts. 


28 SIMPLE LAWS OF ELECTRIC CIRCUITS [Cuap. I 


Problem 1-45. In a certain telephone receiver of 3,000 ohms resistance a current 
of 1.2 milliamperes is flowing. What voltage is used and how much power is being 
changed into heat? Volts = 7R = 3,000 « 0.0012 = 3.6 volts. 

Power = [2k = 0.0012? & 3,000 = 0.00432 watt. 

Problem 1-46. A storage battery shows an average counter voltage of 6 volts during 
the charging period of 24 hours, the current being 5 amperes. The battery resistance is 
0.03 ohm. What power is used in heating the battery and at what rate is energy being 
stored? How many joules of heat are developed during the charging period and how 
many joules are stored? Power used as heat = 1?R = 5? X 0.03 = 0.75 watt. Power 
of stored energy = current and counter emf = 5 X 6 = 30 watts. Energy used as 
heat = 0.75 x 60 X 60 * 24 = 6.48 x 104 joules. Energy stored = 30 X 60 X 60 
X 24 = 2.59 X 10° joules. 

Problem 1-47. At $0.05 per kilowatthour what is the value of the stored energy? 
One kilowatthour = 1,000 x 60 & 60 = 3.6 X 10° joules, so value of stored energy = 
$0.05 X 2.59/3.6 = $0.036. 


1-25. Batteries.—The ordinary dry cell utilizes zine and carbon as its 
two electrodes and a solution of salammoniac as its electrolyte. As the 
electrolyte is generally contained in a mass of inert absorbent material, 
instead of occurring as free liquid, this type of cell is known as the dry cell. 
It really is not dry at all; if it were it would show no electromotive force 
and would be useless. The zinc is gradually used up as the dry cell is used, 
and in a very old cell holes occur in the zine (which is in the form of a con- 
taining can for the rest of the cell) where it has been completely “eaten 
up” by the chemical action of the salammoniac. The ordinary dry cell 
develops about 1.5 volts when new; this is the same irrespective of the 
size of the cell. Thus the 6-in. dry cells used for filament supply give the 
same voltage as the tiny B battery dry cells. The large cells can deliver 
more current, for a longer time, than the small cells, but the voltage is the 
same for each. 

The ordinary storage cell uses lead plates covered with some lead 
salts, for the two electrodes, and a sulphuric acid solution for the electro- 
lyte. Such a combination is capable of receiving a charge when connected 
to a suitable power supply and of delivering this charge (or about 80% 
of it) to a radio set or other device. Each cell of such a lead battery may 
consist of many plates instead of just two, but no matter how numerous 
the plates they are connected up in two sets. The number of plates per 
set and their size are determined by the number of ampere-hours the 
battery is to deliver. A lead cell when fully charged generates about 
2.2 volts; this pressure gradually falls as the charge is used up until, just 
before the cell is ready for a new charge, the voltage is about 1.8 volts. 
The ordinary lead storage battery used for supplying power to a radio 
set will deliver about 100 amp-hr before requiring a new charge. Thus if 
2 amperes are required for a radio set the battery should run for 50 hours 
before requiring a recharge. 

It costs a great deal more to get power from batteries than it does 
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from a lighting company’s power supply. Thus a 6-in. dry cell will deliver 
about 20 whr and costs about $0.40; at this rate it would cost $20 for one 
kilowatthour of energy from dry cells whereas this same amount of energy 
could be bought from a power company for $0.10. The advantage of the 
batteries lies in their portability, constancy of voltage, and ease with 
which a voltage of any desired value may be obtained by connecting cells 
in series, ete. 

The ordinary 6-in. dry cell will deliver 0.1 ampere for about 200 hours, 
the average voltage of the cell during discharge being 1.3 volts. This 
represents the available electric energy there is in the cell. Evidently 
it is equal to 1.3 X 0.1 <X 200 X 60 X 60 = 93,600 joules. Fig. 1-8 
shows that a 5-lb B battery will deliver about 3 amp-hr, when the dis- 
charge rate is 10 milliamperes. As the initial voltage is 22.5 and the final 
voltage 17 (see legend on figure), the average voltage is about 20. The 
energy is therefore 20 X 3 X 60 X 60 = 216,000 joules, which is about 
160,000 ft-lb. As the battery weighs 5 lb it is evident that this type of 
dry cell stores about 30,000 ft-lb per lb of weight. 

A fully charged storage cell, of either the lead or Edison type, has about 
the same amount of stored electrical energy per pound of weight as have 
the dry cells analyzed above. 

When much power is to be obtained for a radio set it becomes pro- 
hibitive to use batteries, however, because of the excessive expense. 
Thus some radio sets require as much as 350 volts to operate their output 
tubes and this amount cannot economically be obtained from batteries; 
the power supply of the house must be utilized in such cases. But as the 
house supply is alternating current and as continuous current is required, 
at least for the plate circuit supply of the radio set, some means must be 
devised to change the alternating-current power into continuous-current 
power. The rectifiers and filters mentioned before accomplish this pur- 
pose; details of such power supply circuits are given on pp. 181 and 247. 


Problem 1-48. A 6-volt 120-amp-hr storage battery weighs 50 lb and the cost to 
give it a full charge at the garage is $0.75. What does the garage charge per kilowatt- 
hour stored in the battery? The average voltage of a lead storage cell during discharge 
is about 1.93 volts; as there are three cells in series the average voltage during discharge 
of the battery is 5.79 volts. At this voltage 120 amp-hr represents 695 whr or 0.695 
kwhr. The cost per kwhr for stored energy is therefore $0.75/0.695 = $1.08. 
(The average charge per kwhr for energy bought, from the electric power company is from 
$0.03 to $0.10.) 

Problem 1-49. How high would the battery have to be lifted to store the same 
amount of energy, in foot-pounds, as it stores in the form of kilowatt hours? One watt- 
second = 0.738 ft-lb so that the battery stores 695 x 60 x 60 X 0.738 = 1.85 x 105 
ft-lb. To store this same amount of energy by being raised against the force of gravity, 
the battery must be lifted 1.85 < 10° + 50 = 37,000 ft. 

Problem 1-50. If the above battery supplies its output to a small motor (just large 
enough to use the normal battery output), and this motor, through suitable cable and 
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set of reduction gears, is used to lift the battery and motor, the latter with its gear 
apparatus weighing 25 lb, having an overall efficiency of 15%, how high can it lift itself? 
Possible output to the lifting cable = 1.85 « 10° *0.15 = 2.77 10° ft-lb. Possible 
height to which battery and motor will be lifted = 2.77 « 10° + (50 + 25) = 3,690 ft. 

Problem 1-51. Is it more economical to use dry cells or storage battery for lighting 
the filaments of a radio receiving set? The cost per kilowatthour of energy in the form 
of dry cells is about $20 and the cost of the same energy stored in the lead cell is 
about one dollar. To be sure, the lead cell costs more than the dry cells, but the lead 
cells are good for several hundred charge and discharge cycles, if properly cared for, so 
that the total cost of the stored energy (cost of charging plus a certain fraction of the 
battery cost) is much less for the storage battery than for the dry cells. 


1-26. Current Flow in Alternating-current Circuit—When an alter- 
nating voltage is impressed upon a circuit an alternating current will flow, 
and the frequency of this current will be just the same as that of the 
impressed voltage. In general, the form of the current will be somewhat 
different from that of the voltage, unless this is a pure sine wave. In case 
the voltage is not a sine wave, but perhaps has ripples in it (see Fig. 1-4), 
then the ripples in the current may be less pronounced or they may be 
greatly exaggerated compared to the voltage ripples, depending upon the 
type of circuit. 

It happens in many circuits that the current form differs greatly from 
a sine wave even though the voltage has a pure sine form; such circuits 
quite frequently occur in radio practice so they are taken up in a separate 
section later. 

The amount of current which flows in a given circuit, with a given 
magnitude of impressed voltage, is generally not the same for alternating 
as for continuous current. There are a few exceptions to this rule, as for 
example the ordinary incandescent lamp. Suppose a 100-volt, 100-watt 
lamp; with 100 volts (cc) impressed, one ampere (cc) will flow; and with 
100 volts (ac) impressed, one ampere (ac) will flow. 

But consider the ringing circuit of the ordinary telephone line. With 
alternating voltage impressed, sufficient current flows in the circuit to 
ring the bell, but if a continuous voltage is impressed no current flows. 
The circuit is an “open circuit” for continuous current. 

In many other circuits, however, the amount of continuous current 
is much greater than is the alternating current, for the same magnitude 
of voltage. One of the coils in a radio receiver, for example, may carry 
0.01 ampere when one volt, of radio frequency, is applied, whereas when 
one volt of continuous voltage is impressed on the coil, one ampere 
may flow. 

1-27. Coils and Inductance.—In a continuous-current circuit the 
only factor which limits the current in magnitude is the resistance. A 
coil of 5 ohms resistance, for example, when connected to a 10-volt battery 
will carry 2 amperes of current. If connected to an alternating-current 
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generator, adjusted to give 10 volts, the current flowing may be only a 
fraction of one ampere. It is then evi- 
dent that there is some feature of this cir- See 
cuit which acts toward alternating current 
differently from the way in which it acts 
toward continuous current. 

In addition to its resistance such a 
coil possesses inductance, which charac- 
teristic does not interfere at all with the 
flow of continuous current but does very 
materially limit the alternating current. 

The unit of inductance is the henry. 
This unit is sometimes too large for con- | 
venience, so the millihenry (0.001 henry) ~~ Oe eee 
and the microhenry (0.000,001 henry) are Fic. 1-10.—A singte layer solenoid, 
frequently used. As illustrations of the being about 4 in. in diameter, 
significance of these units we may note and 8 in. long, having 130 turns, 

: : : : has an inductance of 1,100 micro- 
that the coils used in connection with halve 
tuning condensers in the ordinary radio 
receiver have an inductance of about 200 microhenrys. 

The iron core coil used in the “‘filters’”’ of a modern radio set have as 
much as 50 to 100 henrys of in- 
ductance. In the ordinary head 
phone there are two small coils 
made of many turns of fine wire. 
These coils have about one henry 
of inductance in the average phone. 

1-28. Examples of Inductances. 
—The air core coils used in radio 
sets or for laboratory tests at ra- 
dio frequencies have comparatively 
small values of inductance, both 
because of the few turns of wire 
used and the absence of an iron 
core. In Fig. 1-10 is shown a 
laboratory coil suitable for use at 
‘i 500,000 cycles or less. Its size can 
Fig. 1-11.—This large coil having 30 layers ac es “ae oe Wes ee 

of No. 10 wire, 50 turns per layer, has a against it. In Fig. 1-11 is shown 
resistance of 10 ohms and an inductance of 2 Coil of 1,500 turns of large wire; 
about 0.6 henry. it is used in the laboratory for 
tests at about 100 cycles. At radio 

frequencies, such large coils cannot be used because they act like con- 
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densers (see p. 39) instead of coils. In Fig. 1-12 is shown a view of one 
receiver of the ordinary head telephone; the diaphragm has been removed 
so that the small electromagnets may be seen. Although this pair of 
small coils have about one-thousandth 
of the weight of the coil shown in Fig. 
1-11 they have a greater inductance 
due to the greater number of turns 
and the use of iron cores. 

1-29. Inductive Reactance. — As 
ion coves 1 mentioned above, a coil, by virtue of 
Bis. 4 its inductance, tends to limit the 
Fae es = Thevanall wiaonocetuciile amount of current which an alternat- 

an ordinary telephone receiver, such ing voltage can send through it. Ex- 
as used in radio sets, have many periment shows that a given coil, hav- 
thousands of turns of very fine wire; jing a certain fixed inductance, will 
the coils are wound on soft iron cores. impede the flow of current more for a 
pacha magnets Bag BRR ONS high- than for a low-frequency current 
current resistance of about 1000 ; 
ohms and an inductance of about bus with 110 volts of 60-eycle fre- 
one henry. quency impressed, a certain coil 
passes 5 amperes of current, but when 
the same coil is connected to a 110-volt 500-cycle alternator only one 
ampere of current flows. We conclude, therefore, that the tendency of a 
coil to limit the current flow depends upon both its inductance and the 
frequency of the current. This combined effect of frequency and induct- 
ance is called reactance; we say that a coil limits the flow of alternating 
current because of its reactance. The magnitude of this reactance is 
proportional to the frequency, and to the magnitude of the inductance; 
in ohms the reactance is equal to 27fL, in which f is the frequency in cycles 
per second, and L is the inductance in henrys. 

The ratio of the reactance of a coil to its resistance has an important 
effect on the selectivity of the radio circuit in which it is used; this ratio, 
2nfL/R, is generally called the Q of the coil. Values of Q obtained in 
practice are given on p. 74. 

It is possible to have electric circuits which have practically no induct- 
ance, hence no reactance; an incandescent lamp is such a circuit. Here 
the alternating current is limited only by the resistance of the circuit. 
On the other hand, it is impossible to have a circuit having inductance 
which has no resistance. Coils always consist of many turns of wire and 
of course wire has resistance, hence a circuit having reactance always has 
resistance. It will be shown later, however, that in many radio circuits 
the resistance is so small compared to the reactance that it may be 
neglected in some calculations. 

1-30. Calculation of Inductance.—There are a few simple forms of 
coils for which the inductance (or coefficient of self-induction as it is 
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properly called) can be accurately calculated. Accurate formulas for the 
single circular turn and the toroid (doughnut-shaped coil) have been 
calculated, and for the eylindrical-shaped coil, or solenoid, tables of suitable 
factors have been compiled from which the inductance can be calculated 
closely enough for ordinary work. 

If the coil has an iron core it is impossible to calculate its inductance 
accurately because the permeability of the iron changes with different 
values of current. For coils having completely closed magnetic circuits 
of iron with a known number of turns and current (that is, a known number 
of ampere-turns) the flux in the magnetic circuit can be calculated from 
curves furnished by the manufacturer of the iron, and in this way the 
inductance is arrived at. It will be different, however, for every different 
current through the coil. 

For a single circular turn of round wire 


L=4er|(1+2)1 co ca 175 | (1-10) 
a © ae 8k? og, ji 94 Re? é Cine. 


in which R = radius of turn, in centimeters, to center of wire; 
r = radius of the wire; 


This formula gives the inductance in centimeters; to get microhenrys 
divide the value obtained from the formula by 1,000. 
For a single straight vertical wire, such as the down lead of antenna, 


Pi aes 
L = 2l (toe, 7 — *) Git Pes) Ge, vale CEE) 
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in which | = length of wire, in centimeters; 
r = radius of wire in centimeters. 


TABLE I-III 

Diameter K Diameter ; K Diameter K 
Length Length Length 
0.00 1.000 0.65 0.775 2.00 0.526 
0.05 0.979 0.70 0.761 2.50 0.472 
0.10 0.959 0.75 0.748 3.00 0.429 
0.15 0.939 0.80 0.735 3.50 0.394 
0.20 0.920 0.85 0.723 4.00 0.365 
0.25 0.902 0.90 0.711 4.50 0.341 
0.30 0.884 0.95 0.700 5.00 0.320 
0.35 0.867 1.00 0.688 6.00 0.285 
0.40 0.850 1.10 0.667 7.00 0.258 
0.45 0.834 1720 0.648 8.00 0.237 
0.50 0.818 1.40 0.611 9.00 0.219 
0.55 0.803 1.60 0.580 10.00 0.203 
0.60 0.789 1.80 0.551 
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For a single-layer solenoid 
L = 4n?R?n71K cm ee er ee 


in which R = radius of coil, to center of wire; 
nm, = number of turns per centimeter of length of coil; 
l = length of winding in centimeters; 

K = certain constant, depending upon the ratio of 
the coil diameter to its length. It is called 
Nagaoka’s constant, and is given in Table 
I-III. 


Approximate formulas, good to about 1% for coils 
of ordinary forms, have been devised by various workers 
in the field; in general, they involve simpler calculations 
than the more accurate forms. 

For a single-layer solenoid 


Fie. 1-13.—A pan- 


2n72 
cake-shaped coil. a“N 


~ 9a + 106 
in which a = radius of solenoid, in inches; 


b = length of solenoid, in inches; 
N = total number of turns. 


microhenrys . . (1-13) 


For a thin “pancake” coil, Fig. 1-13, 
a2N? 


= —____—— mieroh yer a 4 Fo 
8a + 116 microhenrys (1-14) 


in which a = mean radius, in inches; 
b = depth of winding (outer radius minus 
the inner radius), in inches; 
N = total number of turns. 


For a multilayer coil, Fig. 1-14, 


0.8R?2N2 
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microhenrys . (1-15) 
in which R = mean radius, in inches; abet Tee ioe 
‘ hae 5 2 tilayer coil of rect- 
b = axial length of coil, in inches; angulan Ieee 
t = radial depth of coil, in inches; section. 
N = total number of turns. 


In an iron-core coil, such as the winding of a transformer, the method 
of calculating the inductance depends upon how the iron manufacturer 
furnishes the requisite data. If he gives a curve showing the flux density 
of the iron for different magnetizing forces the inductance is calculated as 


INDUCTANCE OF IRON-CORE TRANSFORMERS 35 


follows: The number of turns and current supposed to be flowing and 
the length of the magnetic path in the iron being known, the ampere-turns 
per centimeter of length of the iron are calculated. From the magnetization 
curve the flux density is found. From this density and the cross-sectional 
area of the iron core the total flux in the core is obtained. Multiplying this 
flux by the number of turns in the coil gives the interlinkages. Dividing 
this by the assumed current gives the interlinkage per ampere. Dividing 
this value by 108 gives the number of henrys of self-induction. 

Such a calculation gives the -inductance of the coil for the assumed 
value of continuous current; the value for alternating current will gen- 
erally be much lower and can be found only experimentally. 

Problem 1-52. What is the inductance of a single turn of No. 10 wire, 4 in. in diam- 

0.1019 
2 


turn is 5.08 em. 8R/r = 314 and log, 314 = 2.3 logy) 314 = 5.74. r?/8R2 = 0.000413, 
and r?/24R? = 0.000138. Then L = 47 X 5.08 [1.000413 X 5.74 + 0.000138 — 1.75] 
= 256 em = 0.256 microhenry. 

From this problem it can be seen that some of the terms in the accurate formula 
have a negligible effect on the solution so we may generally use 


eter? The radius of No. 10 wire is X< 2.54 = 0.1294 cm, and the radius of the 


8R 
L= sah (23 logig9-—— — 1.75), 
r 


Using this equation we get LZ = 0.256uh, the same as before. 

Problem 1-53. What is the inductance of one turn of copper tube, the tube being 
0.4 cm in diameter and the turn being 30 cm in diameter? Using the simple form given 
in the above problem we find L = 4715(2.3 X 2.778 — 1.75 ) = 873 cm = 0.873uh. 

Problem 1—54. A single-layer solenoid 1 in. in diameter and 1 in. long has 60 turns; 
what is its inductance? Nagaoka’s constant for this coil is 0.688, the radius is 1.27 cm, 
and the length is 2.54 cm. There are 23.6 turns per cm. So eq. (1-12) gives L = 

: 0.52 X 602 
62,300 cm = 62.3uh. Using formula (1-13) we find L © x05) +0 xD 


62.1 wh. 
Problem 1-55. The down lead of an antenna is of cable 0.6 cm in diameter and is 
60 ft long; what is its inductance? Using eq. (1-11), 


L =2 X 60 X 30.5(2.3 logiy 12,200 — 1.75) = 31,700 cm = 31.7 wh. 
Problem 1-56. A choke coil used in laboratory work is of the form shown in Fig. 


1-14. Its mean radius is 6 in., the radial depth of the winding is 3 in., and the axial 
length of the winding is 4 in. There are 1,500 turns. What is its inductance? Using 


8 X 6? X 1,500? 
se Ee 2656 O00 1h 0.686 Genre 
(6 X 6) + (9 X 4) + (10 X 3) 


1-31. Inductance of Iron-core Transformers.—lIn all radio receivers 
iron-core transformers are used, with their primary winding connected in 
the plate circuit of a vacuum tube. The plate current of the tube is thus 
flowing through the winding and the radio designer needs to know what 
value of self-induction the primary winding has for alternating current when 
the continuous current (plate current) of the tube is also magnetizing the 


eq. (1-15) we find L = 
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core. The answer to such a question can be obtained only experimentally. 
It is found that the self-inductance for the alternating current decreases 
as the plate current of the tube increases, more for some grades of iron than 
for others. A typical curve showing the behavior of iron under this con- 
dition is given in Fig. 1-15. A few turns of wire were wound on the iron 
core and the inductance was measured for an alternating current of 1000- 
cycle frequency, as various values of continuous current were passed 
through another winding on the same core. It is seen that the alter- 
nating-current inductance decreased rapidly as the continuous magnetiza- 
tion was increased. 
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Fie. 1-15.—Experimentally determined permeability of thin iron sheets for alternating 
current of 1,000-cycle frequency. 


This idea is of extreme importance in the choke coils used in filters; 
such coils are to choke out, or suppress, the alternating components of the 
rectified alternating current. Frequently the rectified current, flowing 
through the windings, so magnetizes the core that the choking effect on 
the alternating components, or ripples, of the current is only a small frac- 
tion of what it should be. 

1-32. Current Flow in Inductive Circuits.—If we consider a coil having 
a resistance very low compared to its reactance, the current, J, flowing 
through it, when an electromotive force of H volts at frequency of f cycles 
per second is impressed, will be found from the relation 
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in which ZL = the inductance of the coil in henrys; and 
X;, = the reactance of the coil in ohms. 


The necessary resistance of the coil always makes the current somewhat 
less than the value given by eq. (1-16). 

Consider a coil of one henry connected to a 110-volt 60-cycle line. 
The reactance, X,, or 27fL, is found by calculation to be 377 ohms. Hence 
the current which flows must be equal to 110/377 = 0.292 ampere. In 
case the frequency is doubled, to 120 cycles per second, the reactance 
will be doubled to 754 ohms and the current will be halved to 0.146 ampere. 
Actually the current would be some- M 
what less than the values calculated ——+ 
above because of the resistance of the 
coil. The calculation which takes into 
account the resistance as well as the re- 
actance will be given in a later section. a 


Problem 1-57. What is the inductive react- 
ance of a coil of 50 uh at a frequency of one 
million cycles? X = 27fL = 2710° X 50 X 
10-§ = 314 ohms. 
Problem 1-58. In a radio circuit using a 
frequency of 12 million cycles (12 megacycles) 
the coil shows a reactance of 625 ohms; what |! 
is its self-induction? L = 625 X 10/2712 X b 
10® = 8.28 ph. 
Problem 1-59. A 50-henry choke coil shows 
how much reactance for a 120-cycle ripple? 
Reactance = 27 X 120 X 50 = 37,700 ohms. 


"a 1-33. Mutual Induction—Coefficient. Fic. 1-16.—Two coils connected in 
of Coupling.—When two coils are so series have their total inductance 
é : increased or decreased by the effect 
situated that the magnetic field of LEE aE IE 
one of them links with the other, a 
varying current in one of them will induce a voltage in the other; this 
induced voltage in the second coil is due to the mutual induction between 
the two. The closer the two coils mesh with one another the greater is 
the mutual induction. Fig. 1-16 illustrates two coils connected in series; 
each of them has its own self-induction, and there is in addition a mutual 
induction, indicated by M, between the two. This mutual induction is 
due to their interlinking fields. In a of Fig. 1-16 the coils are so connected 
that the mutual induction aids the effect of the self-induction in setting 
up a magnetic field, and in 6 of this figure the mutual induction opposes 
the setting up of magnetic fields by each of the coils. For a the total 
self-induction of the circuit is 1 + Lz + 2M, and for bitis L; + Le — 2M. 
From this it follows that the mutual induction of two coils can be found 
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by measuring the total self-inductions when connected as shown in Fig. 
1-16; one-quarter of the difference of these self-inductions will be the 
value of the mutual induction between the two coils. 

In radio work it is customary to speak of the coefficient of coupling of 
two coils; this coefficient, generally designated by k or the Greek letter 7, 


M 
is given by 7 = J ite 
for such an ideal case (not realizable) all of the flux set up by the first coil 
links with all of the turns of the second coil. 

For coils wound on the same iron core it is possible, by making each 
coil in several sections and properly interplacing the sections, to get a 
coefficient of coupling as high as 96%, but if the coils are merely wound 
one over the other the coupling will not be much over 90%. For the 
ordinary radio-frequency circuit (no iron cores) where one solenoid is 
made to fit inside another the highest coupling obtainable is about 0.7, 
and generally it is much less than this. The two coils used in the inter- 
stage coupling of the intermediate-frequency amplifier of a superheterodyne 
receiver, for example, have a coupling of only a few per cent. 


The maximum value that 7 can have is unity; 


Problem 1-60. Two intermeshed coils, one of 0.204 henry and the other of 0.140 
henry, when connected in series, with mmfs aiding, show a total self-induction of 0.630 
henry and when connected in reverse manner show a self-induction of 0.058 henry. 
What is the mutual induction and what is the coefficient of coupling? The mutual 


0.630 — 0.058 
induction, M@, must be equal to a Sl 0.143 henry, and the coefficient of 


0.148 


V0.204 X 0.140 

Problem 1-61. Two 5-millihenry coils are coupled 3%. When connected in series 
what will the circuit self-induction be? M = 7 W/Z,L. or M = 0.03 V5 X5 = 0.15 
millihenry. The self-induction will then be either 5 + 5 + (2 X 0.15 )= 10.3 milli- 
henrys or it will be 5 + 5 — (2 X 0.15) = 9.7 millihenrys. 


coupling, 7, must then be equal to = 0.845 or 84.5%. 


1-34. Coils in Series and Parallel—When two inductances are con- 
nected in series the total inductance is the sum of the two separate induct- 
ances, as stated above; if there is mutual induction between them the total 
inductance is greater or less than this sum by an amount 2M. When the 
coils are connected in parallel the solution of the problem is not quite as 
simple as when they are in series, because the resistances of the two coils 
in the parallel case affect to some extent the value of the total inductance. 
However, an approximate solution is obtained by using the same law as 
was used for resistances in parallel, namely, the circuit inductance is the 
reciprocal of the sum of the reciprocals of the two self-inductances. Mutual 
inductance may increase the total inductance, or diminish it, as is the case 
for the series connection. 
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1-35. Condensers.—In radio circuits the condenser plays as impor- 
tant a part as does the coil, in fact the two are nearly always used together. 


Fie. 1-17.—Variable condensers, using air or oil for dielectric, are extensively used 
for tuning radio receivers. There is shown here a high-grade variable air condenser 
for laboratory use; its maximum capacity is 0.0015 microfarad and minimum 
capacity is 0.00004 microfarad. 


TERMINALS 3S 


4 


Fig. 1-18.—The ordinary fixed condenser used in telephone and radio circuits is made 
up of very thin metallic sheets (aluminum foil or tin foil) separated by wax-impreg- 
nated paper. 


A condenser is essentially two metal plates separated by a comparatively 
thin layer of insulating material, generally called the dielectric of the 
condenser. 
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Continuous current cannot flow through a condenser, because of the 
insulation between the plates; but alternating current, especially if the 
frequency is high, flows through it without difficulty. We say alternating 
current flows through a condenser but this does not mean that the insula- 
tion is punctured so that current actually jumps across from one plate to 
the other. Actually the condenser charges up in one direction, then dis- 
charges and charges in the opposite direction as the direction of the im- 
pressed alternating voltage changes. The current which is said to flow 
: through a condenser therefore is 
really nothing but the charging 
current, alternating in direction 
with the same frequency as the 
impressed voltage. 

According to the service they 
are to perform, condensers are 
made variable or fixed. For 
tuning radio-frequency circuits 
variable condensers are used, 
generally consisting of two sets 
of rigid aluminum plates arranged 
to intermesh to any desired ex- 
tent; air is nearly always used 
as the dielectric in such conden- 
sers. In Fig. 1-17 is shown a 
view of a variable condenser con- 
structed so as to permit minute 
changes in its capacity; it is used 
for laboratory measurements. 

Fixed condensers are generally 


Fra. 1-19.—A high-capacity electrolytic con- : : 
denser, made up of aluminum sheets in used to permit an alternating 


ammonium borate solution. The dielectric Current to flow through some 
is a thin aluminum oxide. circuit in which continuous cur- 


rent is to be prevented. They 
are frequently called ‘by-pass’? condensers. The construction of such a 
condenser is shown in Fig. 1-18; this particular one is for use in tele- 
phone circuits. Two long sheets of aluminum foil are separated by thin 
sheets of waxed paper and the whole is rolled up into a compact form, 
impregnated, and pressed to go into a small metal can container. 

Two thin aluminum sheets in certain solutions (frequently ammonium 
borate is used) will act like a condenser, after a charging current has been 
passed through the cell for a short time. An insulating oxide film will 
form on the positive plate, and this film acts very efficiently as the dielec- 
tric of a condenser, the two plates being the conducting solution and the 
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metal plate on which the oxide is formed; such a cell is called an electro- 


lytic condenser. 


In large capacities these condensers are generally 


“wet,” the plates and solution being contained in a glass jar and the solu- 


tion being covered with oil to keep 
it from evaporating; such a con- 
denser is shown in Fig. 1-19. 

Recently many forms of “dry” 
electrolytic condensers have ap- 
peared; they are dry in the sense 
that no jar of liquid is used but 
there must be between the alu- 
minum sheets (which are extremely 
thin, and wrapped tightly together 
in the form of a cylinder) a semi- 
porous membrane with enough 
moisture to permit the passage of 
a small current. The oxide coat- 
ing is very thin (about 0.0001 mm 
thick), resulting in a high capacity 
per unit area of plate. 
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Fia. 1-20.—Characteristics of the conden- 
ser of Fig. 1-19, as a function of the fre- 
quency; the equivalent series resistance 
of such a condenser is about as large 
as its reactance. 


Fig. 1-20 shows the behavior of the wet condenser of Fig. 1-19 as fre- 
quency is increased. The performance of a dry electrolytic condenser, 
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as regards the small leakage current 
which is always present, is shown in 
Figs. 1-21 and 1-22. 

These electrolytic condensers must 
never be used on a circuit in which 
the voltage reverses, such as an 
ordinary alternating-current circuit; 
they are useful as by-pass condensers 


Volts, continuous 
Fig. 1-21.—Showing how the leakage 
current of a dry electrolytic conden- 
ser varies with impressed voltage. 


to by-pass the ripples of a pulsating 
direct current or voltage. The con- 
densers have polarity and must al- 
ways be so connected to the line 
that the small current which flows serves to maintain the oxide film, 
which otherwise would slowly deteriorate. 

1-36. Capacity of a Condenser.—The capacity (or capacitance) of a 
condenser gives an idea as to the amount of electricity required to charge 
it to a given voltage; the unit of capacity is the farad. A condenser having 
a farad of capacity would require one coulomb (one ampere flowing for one 
second) to charge it to one volt. No condenser has ever been built having 
a capacity of one farad; this unit is too large to be suitable for measuring 
the.capacity of ordinary condensers. For fixed condensers the microfarad, 


C= O 
\y 
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abbreviated yf, is generally used as the unit; and for variable condensers 
the micro-microfarad, abbreviated pf, is a convenient unit. The first is 
one-millionth of a farad and the second is one-millionth of a microfarad. 
The condenser shown in Fig. 1-17 
has about 1,500 micro-microfarads of 
capacity when the plates completely 
intermesh and about 40 micro-micro- 
farads when the plates are completely 


Leakage current of 
‘dry’? electrolytic condenser 


after standing idle for disengaged. The condenser shown in 
100 hours. Voltage applied 


Fig. 1-18 has 2 microfarads capacity 
—more than a thousand times greater 
than that of Fig. 1-17. The greater 
capacity is a result of the much greater 
area of plates, the small separation 
(the waxed paper is only 0.001 in. 
Time after applying voltage thick) and the use of wax for the 
Fig. 1-22—If an electrolytic con- dielectric. The electrolytic condenser 
denser is left disconnected from a ghown in Fig. 1-19 has 1,500 micro- 
polarizing power supply the oxide farads of capacity. In the common dry 
film deteriorates and the leakage : : ; 
Mitcnt. whencties condenacenria electrolytic condenser having an oxide 
first put back in use, may be very _ film sufficiently thick to resist puncture 
high.;. at 350 volts, the capacity, per sq cm 
of film, is about 0.02 microfarad. 
1-37. Condensers in Series and Parallel— When condensers are con- 
nected in parallel the circuit capacitance is the sum of the two separate 
capacitances; and when they are in series, the circuit capacitance is the 
reciprocal of the sum of the reciprocals of the separate capacitances. 
It is to be noticed that these laws are just the reverse of those for resist- 
ances and inductances in series and parallel. 


Milliamperes/ microfarad 


Problem 1-62. Two condensers, one of 0.0015 uf and the other of 0.0005 uf, are con- 
nected first in parallel and then in series; what are the values of circuit capacitance? 
When in parallel the circuit capacitance is 0.0015 uf + 0.0005 uf = 0.002 uf. When 


1 
th in series the circuit ite i = 0.000375 uf. Th 
ey are r irecuit capacitance is (10.0015) + (10.0008) le e 


circuit capacity, it is to be noticed, is less than that of the smaller of the two condensers 
connected in series. 

Problem 1-63. An antenna of capacity 0.0007 uf has a variable series condenser 
with maximum capacitance of 0.001 uf and minimum capacitance of 0.00007 uf. Be- 
tween what two values may the antenna circuit capacitance be varied? With the variable 

1 
(1/0.0007) + (1/0.001) — 
0.000427 yf, and when at its minimum value the circuit capacity is equal to 


1 
(1/0.0007) + (1/0.00007) 


condenser set at its maximum value the circuit capacity is 


= 0.0000638 xf. 


ee 


a 
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1-38. Capacitive Reactance.—If a given condenser is connected to an 
alternating-current line it will be found that the charging current is directly 
proportional to the magnitude of the impressed voltage and directly pro- 
portional to the frequency of this voltage. Moreover, if a condenser of 
two microfarads is substituted for one of one microfarad it will be found 
that the charging current has doubled. Thus the current is proportional 
to the voltage, frequency, and capacity. 

The quantity by which the voltage must be divided to give the current 
is called the reactance of the condenser and is generally designated by Xc. 
Careful measurement yields the relation that this capacitive reactance is 

1 aa ; } 
equal to Pf’ that is, inversely proportional to both condenser capacity, 
and frequency. 

Problem 1-64. What is the reaction of a 1-uf condenser for 60 cycles? For 1,000 


= 2,650 ohms, and at 1,000 cycles 


10° 
cycles? At 60 cycles the reactance is equal to 5 
TT 


a 


it j 10° 
© 8 Ox X 1,000 X 1 
Problem 1-65. The tuning condenser of a radio set has a minimum capacity of 
0.00002 xf and a maximum value of 0.0003 uf. At the lower value of capacity the set 
is tuned for 1,500 ke, and with the larger it is tuned for 500 kc. What are the two re- 
10° 


2 < a UU onmsrandiat 
actances? At 1,500 ke the reactance is Dn1,500 X 10° X 0.00002 ,300 ohms, and a 
10° 


F000 ome. 
500 ke the reactance is 27500 X 10? X 0.0003 


= 159 ohms. 


1-39. Calculation of Capacity.—For certain simple forms the capacity 
of a condenser can be calculated. The formulas given below give the 
capacity in centimeters; to change to micro-microfarads the number of 
centimeters of capacity must be divided by 0.9. 

For a sphere, completely isolated, as for example the earth, 


C= crake Chose: ql ca! Se ba ED) 


where r = the radius in centimeters. 
For a pair of parallel flat plates, separated by air, 


Ce Oe st ae a ise “ST ws (ND 


where A = the area of one side of one plate in square centimeters; 
d = the distance between plates in centimeters. 


For a multiplate condenser such as used in tuning radio sets, the 
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movable plates are one less in number than the stationary plates. The 
maximum capacity is given by the formula 


Cae——om wh ss a eo 2 4) 


where A = the area of one side of a movable plate, in square centimeters; 
n = the number of movable plates; 
= the distance separating a movable plate from a stationary 
plate, in centimeters. 


For a by-pass condenser constructed as in Fig. 1-18 
C= —— em AS 2.05 o | oe eee 


where A = area of one side of one sheet, in square centimeters; 
d = thickness of paper in centimeters; 
k = specific inductive capacity of the waxed paper. 


For a single horizontal wire, earth for other plate, 


l 

CS a CR ee) 
2. 
pee 


where | = length of wire, in centimeters; 
h = height of wire; 
ry = radius of wire, in same units as used for h. 


For the flat top of such an aerial as a ship uses, an empirical formula, 
correct to a few per cent for antennas as ordinarily constructed, 


= (s0Va +84) em , eer tp 


where A = area in square meters, that is, width of top < distance between 
spreaders; 
h = height of antenna, in meters. 


Problem 1-66. We first note that the capacity of the earth, a sphere far distant from 
any other bodies, is about 4,000 x 5,280 x 12 X 2.54 = 640,000,000 cm. To get 
micro-microfarads we divide by 0.9 and so get about 7.1 X 108 and this is equal to 710 uf. 

As we know that the potential to which a condenser is charged is equal to Q/C, where 
Q is the charge put upon it and C is the capacity, it follows that if one coulomb of elec- 
tricity is put on the earth (say by clouds of electrons coming from the sun) the voltage 
of the earth would be changed about 1,400 volts. 

Problem 1-67. Consider a variable tuning condenser having 5 rotating plates and 
6 fixed plates. The rotating plates are semicircular, each of 6 sq in. area. The air 
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space separating a rotating plate from its neighboring fixed one is 0.05 in. What is the 
capacity when the plates are completely meshed? We change the dimensions to centi- 
meters and use eq. (1-19). The capacity is calculated to be 244 cm or 270 puf. 

Problem 1-68. The condenser shown in Fig. 1-18 has aluminum foil plates each 3 
in. by 30 ft, and the thickness of the paper is 0.001 in. The paper, after being impreg- 
nated with wax, has a specific inductive capacity of 2.3. Changing dimensions to the 
metric system and using eq. (1-20), we find the capacity to be 1.12 uf. 

Problem 1-69. A ship’s antenna has spreaders 8 ft wide, and the distance between 
spreaders is 250 ft. The average height of the antenna is 60 ft. What is its capacity? 
The area is 250 X 8 = 2,000 sq ft = 186 sq m, and the height is 18.25 m. Using 


186 
formula (1-22), the capacity is («0 X V186 + 8 X =) = 628 cm = 0.000698 uf. 


1-40. Energy Stored in Coils and Condensers.—In radio work it is 
frequently necessary to consider the amount of energy stored in the mag- 
netic field of a coil, or the electric field of a charged condenser. These 
energies are often used to start, or maintain, the high-frequency oscillatory 
currents in radio transmitters. 

A coil of inductance LZ henrys, carrying a current of J amperes, has in 
its magnetic field an amount of energy, in joules, given by the relation 


Pnergy = LP 26. «eo 28) 


A condenser of C farads, charged to a potential difference of E' volts, 
has in its electric field an amount of energy, in joules, given by the relation 


Energy = 3CH? . . . i sw « (1-24) 


1-41. Time Constant of Coils and Condensers.—It is frequently useful 
to know how quickly the energies, given by the above formulas, can be 
stored or how quickly the energy may leave the coil or condenser. This 
characteristic of the stored energy is given by the time constant of the 
circuit; this is defined as the time required for the current (in the case of 
a coil), or the potential difference (in the case of a condenser), to rise to 
63.2% of its final value. And in the case of a discharging coil or condenser 
the time constant is the time taken for the current (in the case of a coil) 
or the voltage (in the case of a condenser) to decrease to (1 — 63.2%) = 
36.8% of its initial value. The value of the time constant comes out just 
the same whether determined from the charging, or discharging, of the 
device. 

Another way of defining the time constant is in terms of the energy 
increase or decrease. It is the time, in seconds, it takes for 40% of the 
final value of energy to be stored in the magnetic or electric fields, or in 
the case of a discharging field it is the time, in seconds, it takes for 86.5% 
of the stored energy to leave the circuit. 

Its value depends directly upon the resistance in the circuit being con- 
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sidered. For the case of a coil of inductance L henrys in a circuit of total 
resistance (including that of the coil) of & ohms, we have 


Time constant, in seconds = L/R . . . . (1-25) 


In the case of a condenser of C farads, in series with a resistance of R ohms, 
we have 
Time constant, inseconds = CR .. . . (1-26) 


Problem 1-70. A coil of 0.628 henry and 10.2 ohms resistance is connected to a 
110-volt d-c line. How many joules of energy are stored in its field when the current 
has reached its steady value? The final value of current is given by 110/10.2 = 10.78 
amperes, hence the energy stored is 1/2 < 0.628 & 10.78? = 36.5 joules. 

Problem 1-71. How long, after the switch is closed, before 40% of this energy has 
been stored in the magnetic field? The time constant is 0.628/10.2 = 0.0616 second, 
and this is the time it takes for (86.5 * 40%) = 14.6 joules of energy to be stored in 
the field. 

Problem 1-72. What is the current when the energy in the field is 14.6 joules? As 
energy varies with the square of the current, and the final value of current is 10.78 
amperes, the current in question is 10.78 & +1/14.6/36.5 = 6.45 amperes. Or we might 
say that J = 10.78 X 63.2% = 6.45 amperes. 

Problem 1-73. A condenser of 10 wf, in series with a resistance of 15,000 ohms, is 
connected to a 350-volt d-c power supply; what is the final energy stored in the con- 
denser? Energy = 1/2 < (10 X 10~® X 3502) = 0.612 joule. 

Problem 1-74. What is the time constant of the above circuit and what is the voltage 
across the condenser after the switch has been closed for this length of time? JT = 
10 x 10~* X 15,000 = 0.15 second, and at this time the voltage across the condenser is 
350! X 638.2% = 221 volts. 

Problem 1-75. What is the energy in the condenser at this time and what fraction 
of the final energy is it? Energy = 1/2 x (10 X 10-® X 2212) = 0.244 joule. This 
is 0.244/0.612 = 40% of the final energy. 


1-42. Current Flow in a Condenser Circuit—In a previous section 
we have mentioned the fact that an inductance cannot be built without 
resistance, but the same statement scarcely holds good for a condenser. 
This can be built with losses so small that for all ordinary calculations 
they may be neglected; this means that the only feature of the condenser 
which limits the flow of current is its reactance. Corresponding to eq. 
(1-16), then, we have for a condenser 


E E 
[=> =-—— = era rere 
se i 2nfCE (1-27) 
2rfC 


C being in farads, HZ being in volts, and I being given in amperes. 

In the inductive circuit the current flow was inversely proportional to 
the frequency (see eq. (1-16)), and in the condenser the current is directly 
proportional to the frequency, if the voltage remains constant. 


— 
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Problem 1-76. As an illustration of the law we calculate the current flow into a 5-uf 
condenser connected to a 110-volt 60-cycle line. This is found (from eq. (1-27)) to be 


I = 2760 X 5 X 10~* X 110 = 0.208 ampere 


Problem 1-77. An antenna has a capacity of 0.0016 uf and is connected to a 200- 
volt 1,000,000-cycle source of power. The current which flows is equal to 


2x X 10° X 0.0016 X 10-* X 200 = 2.01 amperes 


Problem 1-78. A current of 5.7 amperes is flowing into a condenser, in a 1.5-mega- 
cycle circuit; what is the voltage across the condenser, this having a capacity of 


108 
0.002 uf? The reactance of the condenser is ; = 53.1 ohms. 
an xX 1.5 x 10® x 0.002 


The voltage across the condenser is then 53.1 X 5.7 = 303 volts. 


1-43. Current Flow in Coil having Resistance.—Actual coils do have 
resistance, and generally this cannot be neglected, hence eq. (1-16) does 
not in general suffice for practical calculations. The flow of current in an 
actual coil is limited by its zmpedance, and this depends upon both the 
resistance and the reactance of the coil. It is not the arithmetical sum 
of these two quantities but the square root of the sum of their squares, as 
is shown in any text on alternating-current theory. The symbol for 
impedance is Z, and we have 


Pe E NAAT AO! fe ue se ee eke los) 


This equation holds good for a coil having resistance and also for a con- 
denser having a resistance in series with it. 


Problem 1-79. A coil of 10 ohms resist- 


ance and 0.1 henry inductance is connected I 

to a 100-volt 60-cycle line. How much cur- . L 

rent flows? Hel = liste al LE 
The reactance, 27fL, is found to be 37.7 7 Radiation of cumsent Waiiieeduene 


ohms, so the impedance is V102 + 37.72 = 
38.9 ohms. The current flow is therefore 
110/38.9 = 2.83 amperes. If the voltage is 4 
held fixed and the frequency is varied the 
current through the coil has values as shown 
in Fig. 1-23. At zero frequency the current 


E =100 L=0.1 R=10 


Amperes 


is limited by resistance only and so is 10 1 

high f ies the resist- aaeeee 
amperes. At very high frequencies the resis | Ra eR RE TET 
ance is negligible compared to the reactance, Frequency 
and so current may be calculated from the yg, 1-23.—Variation of current in a 
reactance alone without appreciable error. coil, as frequency is increased. 


1-44. Phase of Current in Inductive Circuit.—If a sine wave of voltage 
is impressed on a coil a sine wave of current will flow, the magnitude of 
which can be calculated as above. The current, however, does not have 
the same phase as the voltage, but lags behind. That is, the current does 
not have its maximum value when the voltage has its maximum value, 
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but a fraction of a cycle later. The same remark holds good for the zero 
values or for any other two corresponding values. The angle between the 
voltage and current is called their phase difference. 

If a coil had no resistance at all the current would lag behind the voltage 
by + of a cycle, that is, 90°. This is the theoretical limit of the phase 
difference and is never reached in actual coils. In the coils used for the 
tuned radio-frequency circuits of a good receiver the angle of lag may be 
as much as 89°, but in ordinary power engineering circuits the angle of lag 
in an inductive circuit seldom exceeds 70°. 

The angle of lag depends entirely upon the ratio of circuit reactance 
to circuit resistance. If these happen to be equal the angle of lag is 45°. 
If we call the angle of lag ¢, as is customary, we have the relations 


R 
cos ¢ = power factor of circuit =—. . . . (1-29) 


Z 
The angle may also be defined by the relation 


cles ete eee pee 
Cee a7 or ech Sag 


If, for example, the reactance of an inductive circuit is 5 ohms and the 
resistance is 8.66 ohms we know from eq. (1-28) that the impedance, Z, 
is 10 ohms. Then cos ¢ = 0.866 and ¢ = 30°. 


Problem 1-80. The coil used in a radio circuit has an inductance of 250 wh. At 
500 ke its resistance is 10 ohms, and at 1,500 ke this has increased (owing to extra losses) 
to 18 ohms. What is the angle by which the current lags behind the impressed voltage 
for these frequencies? At 500 ke the reactance, 2xfL, is equal to 2x X 0.5 X 105 X 
250 X 10~® = 785 ohms; and at 1,500 ke it is equal to 2,255 ohms. In both cases the 
impedance is so nearly the same in value as the reactance that the angle of lag cannot be 
obtained from any formula using the ratio of X to Z. Formula (1-29), however, accu- 
rately defines the angle, but this is so close to 90° that interpolation in the tables is 
required. For 500 ke, cos ¢ = 0.001272, and the angle of lag is 89° 55.6’; and for 1,500 
ke, cos ¢ = 0.000636, and the angle of lag is 89° 57.2’. 

A very convenient relation, when X/R is large, thus making ¢ close to 90°, is given 
by sin (90° — ¢) = R/ X, and when R/ X is very small sin ¢ = ¢ (in radians, of course). 
So we then have 90° — ¢ = R/X or ¢ (in degrees) = 90° — (R/ X)57.3°. 


In Fig. 1-24 are shown the possible phase relations in an alternating- 
current circuit. In (a) the circuit is resistive only and the current is in 
phase with the voltage; the phase difference is zero. In (b) the current 
lags behind the voltage (goes through its zero value later than the voltage 
goes through its corresponding value) by about 30° and so represents the 
condition in the circuit calculated above. 

1-45. Circuit having Condenser and Resistance in Series.—In such 
a circuit the current is calculated just as it was for a coil having a resistance 
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in series. The reactance of the condenser is first calculated and then the 
impedance is calculated by eq. (1-28). Let us suppose a condenser of 
50 microfarads in series with 30 ohms re- 
sistance connected to a 110-volt 60-cycle 
line. The condenser reactance, ae is 
found to be 53.2 ohms, and this in com- 
bination with the resistance of 30 ohms 
gives an impedance of 61 ohms. The cur- 
rent will therefore be 110/61 = 1.8 amperes. 
The power factor cos ¢ = 30/61 = 0.48. 

A condenser tends to make the current 
lead the voltage; in case there happens to 
be no resistance in series with the condenser 


Fia. 1-24.—The current, in an 
2 : alternating current circuit, 
the angle of lead is practically 90°. But may flow in phase with the 
in the example above the angle of lead is impressed voltage, as at a, 


the angle whose cosine is 0.48, and this ™#@y lag by some angle ¢ 


6 : 2 : ‘ (between zero and 90°), as in 
proves to be 59°. So in this circuit i cnmany bade voltae ee 


the current leads the voltage by 59° and an angle, # (between zero and 
this is the condition shown in curve c of 90°), as atc. 
Fig. 1-24. 


Problem 1-81. Referring to curve 2 of Fig. 1-20, calculate the power factor of this 
electrolytic condenser for frequencies of 400, 1,200, and 2,000 cycles. (Note: Ordinary 
condensers, having air, mica, or paper for dielectric, have very low power factors, less 
than 0.01 generally, but this is not so with electrolytic condensers.) 


10° 
h t DSSS SSS SOP) ONT 1,200 les it i 
At 400 cycles the reactance is 27400 X 1,460 ohm; at cycles it is 


0.102 ohm, and at 2,000 cycles it is 0.0621 ohm. The corresponding values of resistance, 
from the curve sheet, are 0.13 ohm, 0.12 ohm, and 0.11 ohm. The impedances are then 
0.302 ohm, 0.1575 ohm, and 0.126 ohm. The power factors obtained by the ratio of 
resistance to impedance are then 0.43, 0.76, and 0.87, respectively. 


1-46. Circuits having Resistance, Coils, and Condensers.—From what 
has been previously said the current in such a circuit will depend upon 
each of the three factors, resistance, inductive reactance, and capacitive 
reactance. The magnitude of the current will depend upon the impedance, 
and this must be calculated from the three factors mentioned. Just how 
to combine these to get the impedance depends upon how the coils and con- 
densers are connected, whether in series, or parallel. Whether the 
current leads the voltage or lags behind it will depend upon whether 
the condenser effect predominates or the coil effect predominates. The 
question is discussed in more detail in the next chapter. 


CHAPTER II 
LAWS PARTICULARLY USEFUL IN RADIO CIRCUITS 


2-1. Peculiar Behavior of Radio Circuits.—In the first chapter we 
reviewed the simple laws dealing with electric circuits in general. Such 
general laws are of course applicable to radio circuits, but in addition to 
these there are some special laws and concepts having to do primarily 
with the circuit arrangements found principally in radio engineering; 
such will be taken up in this chapter. We shall find that when the fre- 
quency is high, measured perhaps in millions of cycles per second as 
it is in radio, effects which are of no importance for 60-cycle circuits 
may become the prime factors of the problem and such a simple idea as 
resistance becomes very complex and difficult to analyze completely. 

A piece of apparatus which we can see is a coil may at high radio fre- 
quencies act like a condenser. With a coil and condenser connected in series 
to a source of radio-frequency voltage it may be that the voltage across 
either the coil or condenser may be 100 times as great as that of the source. 
Such effects evidently follow laws not generally encountered in electric 
power engineering, and it is these special laws which are taken up in this 
chapter. 

2-2. Resistance in Radio Circuits.—The resistance of a coil can easily 
be measured in a continuous-current circuit by ammeter and voltmeter 
readings. But if the coil is now put in a radio-frequency circuit it will act 
as though its resistance were much greater, and measurements will show 
this to be true. The resistance of a coil may be ten or even a hundred 
times as much as its continuous-current value when carrying high-frequency 
radio currents. This is due to several causes a few of which we take up. 

2-3. Skin Effect.—In a continuous-current circuit the current flows 
uniformly through all parts of the cross-section of the wire; at radio fre- 
quencies comparatively little current flows through the center part of 
the wire, most of it concentrating in a comparatively thin layer at the 
surface of the wire. Of course if the current flows through only the outer 
layer of the wire the copper in the center of the wire is useless and the 
wire acts as though its cross-section were only that of the outer layer or 
skin. This tendency for the high-frequency current to use only the outer 
part of the wire is called the skin effect. It increases rapidly at high frequency, 
so that the resistance of a coil for a million-cycle current may be many times 
that for low-frequency current. Fig. 2-1 shows some typical results for 

50 
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some single-layer coils 4 in. in diameter. The coil wound with No. 11 
wire has a resistance, at 10° cycles, 40 times as great as its value for con- 
tinuous current, and the coil of No. 16 wire has a resistance 26 times as 
great at 10° cycles as for continuous current. It can be seen from the 
curves that for higher radio frequencies (above 10° cycles) the resistance 
increases very fast. 

2-4. Resistance Due to Iron Loss and Dielectric Loss.—A coil which 
employs an iron core for its magnetic circuit is not suitable at all for the 
higher radio frequencies, but may sometimes be used for the lower radio 
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Fria. 2-1.—Relation between resistance and frequency, for solid wire single-layer coils; 
resistance increase due to skin effect. 


frequencies. For audio-frequency circuits iron-core coils are practically 
always used. 

In such coils some skin effect is always present, increasing the resistance 
of the coil, but the measured value of resistance in an alternating-current 
circuit is much greater than can be accounted for by skin effect. The iron 
core has in it a continually reversing magnetic field, and this produces power 
lossin the iron due to hysteresis loss and eddy-current loss. These power losses 
must be supplied by the current in the coil, and their effect is to cause an 
increase in the effective resistance of the coil. In Fig. 2-2 are shown the 
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results of a test in an iron-core coil. The actual resistance of the copper 
wire winding was only 5 ohms, but the measured resistance of the coil at 
50 ke was 368 ohms, 5 ohms due to the winding itself, 8 ohms due to hystere- 
sis loss in the iron core, and 355 ohms due to eddy-current loss in the 
iron core. 

In a condenser there is always some loss of power in the dielectric; 
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Fia. 2-2.—Relation between effective resistance and frequency for an iron-core, toroidal 


coil. The wire resistance of this coil was negligible compared to that due to losses . 


in the iron core; hysteresis loss is proportional to the frequency, and eddy current 
loss varies nearly as the square of the frequency. 


when measuring the capacity and resistance of a condenser in an alter- 
nating-current bridge or similar method the dielectric loss will appear as 
a part of the equivalent series resistance of the condenser. And, of course, 
the tinfoil plates themselves have an appreciable resistance. Even in the 
variable condensers used in radio receivers, having air for their dielectric, 
there is power loss in the insulating supports, etc., giving an equivalent 
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series resistance which is generally about one-hundredth as much as the 
reactance of the condenser. 

2-5. Resistance Caused by Radiation.—The antenna of a transmitting 
station may be made of two or three hundred feet of quite heavy copper 
wire; evidently its resistance cannot be more than a fraction of one ohm, 
yet, when the resistance is measured at radio frequency by some convenient 
method, it is found to be perhaps 30 or 40 ohms. Furthermore, this resist- 
ance increases very rapidly as the frequency of current is increased. 

The antenna of a transmitting station is designed to radiate, or throw 
off, electric energy into 
space; the power so lost 
will cause the measured 
value of antenna resist- 
ance to increase by a corre- 
sponding amount. This 
increase in resistance is 
called the radiation resist- 
ance of the antenna. It 
is the object of the radio 
engineer to make this re- | 
sistance as large as possible E 
because it is a measure of 
the power radiated into 
space, and this is what the 
antenna is designed to do. 

Operators of radio 
transmitters generally 
speak of the reading of 
the antenna ammeter as 
“radiation” ; a transmitter 


380 


Frequency, megacycles 


is said to give so many Fig. 2-3.—Antenna resistance, actually due to at 
Fe Raine least six different effects, may be divided into 

Peres of radiation. loss resistance and radiation resistance; the latter, 
This is a very loose way multiplied by the square of the current, gives the 
of speaking of the per- radiated power. 


formance of the radio set; 

it is really meaningless. One antenna may have 15 amperes of current, 
yet be radiating much less power than another antenna having only 
5 amperes. 

Fig. 2-3 shows a typical antenna resistance curve, as well as its two 
components. Curve C gives the radiation resistance, in ohms, for various 
frequencies, and curve B gives the “‘loss” resistance as a function of the 
frequency. The radiation resistance, multiplied by the square of the 
antenna current, gives the power radiated, and the loss curve multiplied 
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by the square of the current gives power lost as heat. This loss resistance 
is caused by the heating of the antenna wires and guys, by losses in insu- 
lators, leakage, induced currents in adjacent metal structures, ete. The 
total antenna resistance is the sum of these two components and is shown 
in Fig. 2-3 by curve A. 

As a radio set is adjusted to send off different frequencies (if it is so 
used) it will not generally be possible to get the same antenna current for 
all frequencies. In Table II-I reasonable antenna currents have been 
assumed for the antenna of Fig. 2-3, and the power lost as heat and the 
power radiated have been calculated. It can readily be seen that the 
antenna ammeter is not a reliable indicator of radiated power, even for the 
same antenna, unless the frequency is held fixed. 
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2-6. Current Flow in a Circuit having Resistance, Inductance, and 
Capacity in Series.—This is by 
all means the most important 
circuit used in radio apparatus. 
If an alternating-current gen- 


Drop =q@ LI 


To Supply of I 
alternating Emf, Drops G C erator is connected to the circuit, 
as shown in Fig. 24, how much 
Drop=RI <—R current will flow? 


In Fig. 24 the resistance R is 
Fra. 2-4.—A circuit extensively used in shown separate from the coil L, 
radio apparatus; actually the resistance which is indicated as having no 
never exists as a separate unit, but is  yesistance. In the actual radio 


caused by the conductor used in the . . . . 
- 1 
inductance and, to some extent, by losses circuit the resistance is actually 


ew comets the resistance of the coil, and 
the series resistance of the con- 

denser is generally negligible compared to that of the coil. If it has an 
appreciable resistance the circuit resistance, R of Fig. 24, must be taken 
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as the sum of the coil resistance and that of the condenser. There are 
three factors which tend to limit the current in the circuit: resistance, 
inductive reactance, and capacitive reactance, or we may say there are 
three voltages for the alternator to supply, the RI voltage, the 1X, voltage 
and the /X¢ voltage. 

Treating the problem from the standpoint of resistance, reactance, and 
impedance we note that as the effect of the inductive reactance is to make 
the current lag and the effect of the capacitive reactance is to make the 
current lead, these two reactances acting in the circuit at the same time 
must tend to neutralize one another. That is, the total reactance of this 
series circuit is the difference of the two reactances, instead of their sum. 
Calling X the total circuit reactance we have 


Nee ee eh eas ea Sv WG ae ee 
As in the simpler circuits treated in Chapter I, we have 
-VE TR 
and this now becomes 
a Tp CSS, eee eS 
Writing for X; and X¢ their proper values (see pp. 36 and 46) we get 


Z=\R2 4+ (2n72. - =a) Oe eee: 


so that 


fa TEES = al Sere cet (228) 


This equation must be carefully analyzed, as it is the basis of tuning 
and selectivity in radio receivers. 

Problem 2-1. Let us suppose a coil of 0.15 henry inductance and 14 ohms resistance 
in series with a condenser of 30-yf capacity and negligible series resistance. The two 
are connected in series to a 110-volt 60-cycle alternator. How much current flows? 


What is the power factor of the coil and what is the power factor of the circuit? What 
is the voltage across the coil and what is the voltage across the condenser? 


The coil reactance X;, = 27fL = 56.5 ohms. 


1 
Condenser reactance X¢ = OnfC = 88.5 ohms. 


Circuit reactance is equal to (56.5 — 88.5) = — 32 ohms. 


(The minus sign indicates merely that the capacity effect predominates over that 
of the coil.) 
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The impedance is V 14? + (— 32)? = 34.8 ohms. 


Current = 110/34.8 = 3.15 amperes. 

Impedance of the coil = V 142 + 56.52 = 58.5 ohms. 

Power factor of coil = 14/58.5 = 0.24. 

Power factor of circuit = 14/34.8 = 0.401. 

Voltage across coil = (77) = 3.15 x 68.0 — 184 volts: 
Voltage across condenser = [1X¢ = 3.15 88.5 = 278 volts. 


A remarkable thing is at once noticed. The drop across the coil is greater than the 
voltage impressed on the circuit by the alternator, as is that across the condenser. 

Problem 2-2. We will now consider a radio circuit, consisting of a coil of 250 uh 
and 20 ohms resistance in series with a condenser of 110 uyf. If the voltage induced in 
the circuit is 4 millivolts at a frequency of 1,000 kc, what is the current, and what is the 
voltage across the condenser and the coil? 


The coil reactance is 2x K 10° X 250 XK 10-® = 1,570 ohms. 
1 


C it {SCE 5 a SI tis 
apacity reactan is 5 ¢ 10° < 110 X10 ohms 


Total reactance is 1,570 — 1,450 = 120 ohms. 
Impedance = V 20? + 120? = 122 ohms. 
Current = 0.004/122 = 32.8 microamperes. 


Drop across condenser = 32.8 X 107° X 1,450 = 0.0476 volt: 
Drop across coil = 32.8 < 10-* X 1,570 = 0.0515 volt. 


In this problem also it will be noticed that the drop across either the coil or condenser 
is much greater than the voltage which is setting up the current, that is, in this case, the 
voltage induced in the circuit. Whereas this is 4 millivolts, the drop across the coil is 
51.5 millivolts or nearly thirteen times as great. 

Problem 2-3. A coil of 0.214 henry and 3.5 ohms resistance is in series with a 10-xf 
condenser of negligible series resistance. The circuit is connected to a variable-frequency 
alternator, the emf of which is held constant at 50 volts. Find the current, power, 
power factor, and the drops across coil and condenser for frequencies of 50, 90, 100, 110, 
150, and 200 cycles. 


Frequency 2rfL oar x R Z FB Power | Cos ¢ sac 2xfLI 
50 67 318 251 3.5 251 0.199 0.14 | 0.014 63 13.3 
90 121 177 56 3.5 56.1 | 0.907 2.88 | 0.062 160.5 110 
100 135 159 24 3.5 24.2 | 2.06 14.6 0.145 327 268 
110 148 145 3 3.5 4.6 |10.85 |412 0.76 1575 1,605 
150 202 106 96 3.5 96 0.521 0.95 | 0.036 55.4 105 
200 269 79 190 3.5 190 0.263 0.24 | 0.018 20.8 71 


2-7. Resonance and Resonant Frequency.—If we imagine that the 
circuit studied in the previous section has impressed upon it a voltage 
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of fixed magnitude and varying frequency some interesting effects are dis- 


1 
closed. The two reactances, 2rfL and DafO q? vary with frequency in the 
Tr. 


manner shown in Fig. 2-5, the resistance, of course, remaining constant. 
The inductive reactance, 2rfL, increases 
directly in proportion to the frequency, 


and the capacity reactance, varies 


1 
2nfC’ 
inversely as the frequency. In Fig. 2-5 
the capacity reactance is shown negative, 
as it is subtracted from the inductive 
reactance to give the circuit reactance. 
Such being the fact it is evident that, no 
matter what the respective values of L 
and C may be, some value of frequency 
must give the same numerical value for the Fig. 2-5.—Impedance of the cir- 
two reactances. But as the total reactance cuit of Fig. 2-4, as a function of 
of the circuit is the arithmetical difference frequency; a seaetete on the 
of these two reactances it follows that eee oe 
such frequency as results in the same 
value for the two reactances gives zero value for total reactance of the cir- 
cuit. Such frequency is called the resonant frequency of the circuit. 

For such resonant frequency eq. (2-4) reduces to 


1 
oy me 


Frequency 


Reactance Resistance Impedance 
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and the power factor of the circuit is unity. 
To find the resonant frequency of any series circuit of this nature we 
equate the two reactances and get 


1 
af le = 6 


or 
1 


fe = iG SS eae (2-6) 
in which f, is the resonant frequency of the circuit, and L and C are meas- 
ured in henrys and farads respectively. 

As mentioned before, ordinary condensers used in engineering work, are 
measured in microfarads and then eq. (2-6) may be changed to the con- 
venient form 

1,000 


a 2rV LC ut oe 
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In the case of radio circuits where L and C are both given in micro- 
units, we write for convenience 


tr 


- 168 
Dan) Lid 
At resonant frequency unexpectedly large values of current flow, and 


the drop across either coil or condenser, compared to the voltage impressed 
on the circuit, is equally unexpectedly large. 


(2-8) 


Problem 2-4. Consider a coil of 0.2 henry and 4 ohms resistance in series with 30 pf 
of capacity; what is the resonant frequency? If, at this frequency, 20 volts are 
impressed on the circuit, how much current flows and what is the drop across both coil 
and condenser? What is the power factor of the coil and of the circuit at resonant 
frequency? 

1,000 


> 65 cycles 
QnV 0.2 X 30 


Sr 


I = #2 = 5 amperes 


Coil reactance at 65 cycles = 80.6 ohms. 

Condenser reactance at 65 cycles = 80.6 ohms. 

Drop across condenser = 403 volts. 

Impedance of coil = V 4? + 80.6? = 80.8 ohms. 
Drop across coil = 404 volts. 

Power factor of coil = 4/80.8 = 0.0495. 

Power factor of circuit = R/Z = R/R = 4/4 = 1.00. 


Problem 2-5. In a radio receiver the tuned circuit has a coil of 180 uh. At what 
value must the variable condenser (in series with the coil) be set to tune the circuit for 
a frequency of 610 kc? 

Transposing eq. (2-8) we get 


VIC > 108 102 1012 


or LC 
Using this relation we solve our problem 


af; ~ Orfeo  ~ Qaf)? XL 


1012 


C6 ee ee, 
(2% X 610,000)? X 180 ee 


Problem 2-6. Assume a variable condenser of 50 to 500-uuf capacity. Through 
what frequency range will a circuit tune to resonance, if the coil has 86 uh inductance? 
10° 


2nV 50 X 86 


Using eq. (2-8) for minimum capacity, f = = 2,430,000 cycles; and for 


10° 


maximum capacity, f = ———————— 
2nV 500 X 86 


= 768,000 cycles. 


Problem 2-7. If the wiring, tube and tube socket, etc., add a capacity of 22 uuf in 
parallel with the above condenser, through what frequency range can the circuit be 
tuned? 

10° 


Fmax = = 2,020,000 cycles; 
2rV 72 X 107° X 86 


areca comma mean, ‘emagiin 
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and 
106 
Fin = = 752,000 cycles. 
2nV 522 X 10-° X 86 


Problem 2-8. A circuit which will tune as low as 540 ke has a coil of 245 wh; what 
is the maximum value of its variable condenser? 


10% 10% 


GC = = 
(Qnf )2L (2540 X 105)? X 245 


= 355 upf 


Problem 2-9. A circuit having a capacity of 2 milli-microfarads (0.002 uf) is tuned 
for 180 ke; what is the inductance used in the circuit? 


10” 10” 


Inductance (uh) = = 
nductance (uh) (20 f)2C (27180 x 10°)? x 0.002 


= 391 wh 


Problem 2-10. The winding of a loud speaker, having an inductance of 2.5 henrys, 
is in series with a blocking condenser of 4 uf; at what frequency will the circuit permit 
maximum current to flow? 

108 


Resonant frequency = ————— 
WV 2.5 X 4 


= 50.3 cycles. 


Evidently when three quantities are connected by a simple formula, 
such as eq. (2-8), it is possible to show their interrelationship by a chart; 
such a one is given in Fig. 2-6. By selecting any two of the quantities, 
L, C, or f, a straight line connecting the two values selected will intersect 
the third scale at the corresponding value of this function. Thus the. 
dashed lines show, for example, that if a coil of 450 wh is in series with a 
condenser of 350 uuf the resonant frequency is 400 ke, and that for this 
frequency 500 uh and 315 uuf may be used or 400 uuf and 392 wh. Such 
a chart, carefully constructed, makes possible the ready solution of resonant 
circuits. On this chart there is an additional scale marked in ‘‘meters’’; 
this is the length of radio wave sent off from an antenna oscillating at the 
corresponding frequency. . 

In Fig. 2-7 is shown a reactance-frequency chart which permits the 
rapid determination of the reactance of any coil, or any condenser, at any 
frequency likely to be encountered in power, telephone, or radio circuits. 
The various values of capacity (or inductance) are marked on the margins, 
the reactance of the condensers being read, from scale A, on the lines 
sloping up and to the left, and that of the coils being read on the set of 45° 
lines sloping down and to the left. Thus the reactance of a condenser of 
0.1 microfarad capacity, at a frequency of 10 ke, is obtained from the chart 
as about 160 ohms, at point P; it actually is 159 ohms. The reactance of a 
coil of 0.1 henry, at 500 cycles, is given by the chart as 310 ohms, at point O; 
it is actually 314 ohms. At 1000 cycles, a coil of one millihenry has 
6.4 ohms reactance (point Q) as also has a condenser of 25 microfarads; 
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thus a series circuit of 0.001 henry and 25 yf must be resonant at 1000 


cycles. 
Scale B, giving susceptance, shows that a coil of 1 henry, at a fre- 
quency of 500 cycles, has a susceptance of 310 micromhos, hence if 100 


volts were impressed, at this frequency, a current of 0.031 ampere would 
flow. From the chart we read that a condenser of 0.2 microfarad at this 
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Fia. 2-6.—A chart useful at broadcast frequencies; a straight line through the three 


scales gives the requisite values of inductance and capacity, to be resonant at a 
Lines drawn so as to make an angle of about 


given frequency (or wavelength). 

45° with the horizontal, give best values for coil and condenser in a receiving circuit. 
frequency, has a susceptance of 650 u-mhos so that with 100 volts impressed 
a current of 0.065 ampere would flow. Hence a coil of 1 henry, in parallel 


with a condenser of 0.2 uf, with 100 volts of 500 cycle frequency impressed, 
Thus this chart permits 


would draw a leading current of 0.034 ampere. 
the rapid determination of the approximate solution of any ordinary com- 


bination of coils and condensers, resistance being considered negligible. 
2-8. Wave Meter and How Used.—In the early days of radio the 
frequency of the radio current was seldom mentioned; the wavelength of 
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Fig. 2-7.—A reactance-frequency chart (due to Bell Telephone Laboratories); the 
point where inductive reactance and capacitive reactance lines cross, gives the 
resonant frequency for that combination of coil and condenser. 
scale on the left (added by J. R. Tolmie) greatly increases the usefulness of the 
chart for solving parallel circuits. 


The susceptance 
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the circuit was used instead of frequency. Because of this usage an 
instrument for measuring the frequency of a radio current was called a 
wave meter. This name still persists although a more suitable name for 
the instrument would be a frequency meter. 

A wave meter is nothing more than a carefully constructed and accu- 
rately calibrated circuit consisting of a fixed coil in series with a variable 
condenser. Generally, an indicating instrument of some kind is built into 
the circuit for showing with what adjustment of the variable condenser 
a maximum current is flowing in the circuit. Fig. 2-8 shows the arrange- 
ment practically always used. A thermo- 
couple ammeter serves to show the cur- 
rent in the circuit. The moving plates 
of the condenser carry a rigid pointer 
which, moving over a carefully calibrated 
scale, serves as a wavelength or fre- 
quency indicator. 

Frequently, the meter is so constructed 
that one of several coils may be used. 
By making the inductance of one coil 
about six times as great as the next 
smaller one in the set, the meter serves 
for covering a large wavelength, or fre- 


Scale given in 
wave length or frequency 


Ammeter 


Fig. 2-8.—A wave meter, or fre- 


‘te quency, range. 
quency meter, consists of a rigid, With ‘l the f 
low-resistance coil, in series with wh one co e Irequency range 


a. well-constructed variable con- covered by the variable condenser ia 
denser; a current-indicating de- about three to one; that is, with minimum 
vice, to show resonance, and suit- readable value of the variable condenser 
ably graduated scale on the con- the resonant frequency of the circuit is 
denser dial, are generally sup- : 
lied three times as great as the resonant fre- 
quency when all of the variable condenser 
is used. Thus to cover a frequency range from 500 ke to 1,500 ke one coil 
will suffice, but to cover a range from 100 ke to 10,000 ke we would have to 
use five different coils. 

In use the wave-meter coil is brought near a coil or wire in which the 
current of unknown frequency is flowing, so that an induced voltage (due 
to mutual induction) is set up in the wave-meter circuit. As previously 
shown, when the resonant frquency of the circuit is the same as that of the 
impressed voltage a maximum current is set up in the circuit. Thus the 
variable condenser of the wave meter is slowly changed until the wave- 
meter ammeter reads a maximum current. Under this condition we know 
that the reactance of the wave-meter circuit is zero (eq. 2-5) and that the 
impressed voltage has a frequency the same as the resonant frequency of the 
circuit. Hence by reading from the wave-meter scale the resonant fre- 
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quency for this setting of its condenser we know accurately the fre- 
quency of current in the circuit being measured. 

2-9. Selectivity in a Radio Circuit—The modern broadcast receiver 
must have the quality known as 
selectivity; that is, if several dif- 
ferent stations are broadcasting at 
the same time, the receiver must 
have the ability to “ bring in” the 
desired station and eliminate the 
others. This is possible because the 
different stations send out signals 
of different frequencies. After the 
signal has been received by the an- 
tenna it is generally passed along 
through the amplifier through tuned =“ s 60 80 i i 160 180 200 220 
circuits, that is, circuits consisting Fia. 2-9.—Calculated resonance curve 
of coils in series with condensers. It for coil and condenser such as might be 
is the action of these tuned circuits used at power frequencies. 
which gives the set its selectivity. 

In Fig. 2-9 is shown the performance of a tuned circuit, for various 
frequencies. ‘The voltage impressed on the circuit was assumed the same 
for all frequencies, but it will be seen that the amount of current set up 
in the circuit varied greatly as the frequency was changed. Thus at 60 

cycles the current is only 1.5 


4 CH | | aa amperes, whereas at 100 cycles 
av een the current is over 8 amperes. 
3 at 2 r eae It may be calculated that 100 
8 [e= 22 voits cycles is the resonant frequency 
a : eat | for the inductance and capacity 
Curve 1 sean ABB 7 used. It is evident that this 
‘cial i “sora ‘ae al circuit would act selectively for 

A the 100-cycle current. 
In Fig. 2-10 are shown experi- 

40 50 60 70 80 90 100 


Frequency mental curves to bring out the 
Fra. 2-10.—An experimental test of reson- effect of circuit resistance upon 
ance; the high resistance and low resist- its selectivity. With 5.8 ohms 
ance curves should show peak values at the yesistance the circuit is quite 
rea SEIEBEY: 4 aded ponistemce Ge. selective for 79 cycles. After the 
creases the selectivity. oe hf : 
circuit resistance has been in- 
creased to 17.2 ohms it is still resonant at the same frequency but the 
resonant quality is by no means as prominent. With the lower value of 
resistance the current at resonance is 5.5 times as great as the current at 
100 cycles; with the higher resistance the current at resonance is only 
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twice as much as the 100-cycle current. Thus we reach the conclusion: 
the selectivity of a circuit decreases as its resistance is increased, other 
factors remaining the same. 

As will be shown in the next section the selectivity depends really upon 
the ratio of the coil resistance to the coil reactance; the lower this ratio 
the greater is the selectivity. 

2-10. Decrement and How Determined.—A quantitative idea of the 
selectivity of a circuit is obtained if its 
decrement is known; the lower the decrement 
the sharper is the resonance or the greater 
is the selectivity. Imagine that we have 
drawn a resonance curve upon which three 
frequencies are shown, f,, fi, and fo. That 
marked f, is the resonant frequency of the 
circuit, for which the current isJ,. The two 
other frequencies are those for which the 

C,CrCy current is 1/+/2 of the resonance value. 
pie Evidently the sharper the resonance the 
Fig. 2-11.—A resonance curve ¢loser will f; and fe approach f,, so a measure 


plotted as a function of the rece ecy ee ous 
ih HN ORE BEE 2 N's of the circuit’s selectivity may be taken as 


wave meter. ae Frequently, the quantity (fe — fi) 
is called the ‘‘ width of the resonance curve.”’ 
as R 
It can be shown * that ———— = i i 
wn a 7. Daf’ and this may be written 
R jo — ht 
FL T 7, (2-9) 


In general, the capacity of the condenser of the wave meter is varied, 
in getting a resonance curve; for this case values of capacity are plotted on 
the X-axis of the curve. Designating by C; that value of capacity which 
produces resonance, and C) and C2 representing the two values of capacity 
(one either side of C,) which drop the current to 1/+/2 of its resonance 
value (Fig. 2-11), we can obtain the relation 


R 8 Cs 


OL. A (2-10) 


: R 
Now the quantity WL has a peculiar significance from an entirely 


different viewpoint; it is this quantity which determines how rapidly 
oscillatory currents, which may have been set up in the circuit, die away. 


* See ‘Principles of Radio Communication,” p. 85. 
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It is called the decrement of the circuit and is generally denoted by the 
Greek letter 6. 
So we have 


R faite Cov Cy 
SU int ae MG) ee 
We may say then that the selectivity of the circuit is inversely pro- 


r 


portional to the decrement. Or if we call the selectivity factor we 


ft 
see that 
ded Dahle Xr 


fo-fi R R 


(2-12) 


Thus a measure of the selectivity of a circuit is the ratio of the coil 
reactance, at resonant frequency, to the resistance. 

Furthermore, when # is small compared to Xz, which is the case for all 
good radio coils, we see that Z, the impedance of the coil, and Xz are 
practically the same thing, so that for R/X;, we may put R/Z. 

‘From this relation and eq. (2-11), we then get 


‘= # = ins aes cos ¢ (2-13) 
Soo ee re YF, e e ° 


This says that the decrement of a circuit is equal to 7 multiplied by the 
power factor of the coil. Here, as in previous demonstrations, the series 
resistance of the condenser has been considered negligible compared to the 
coil resistance; this is generally permissible. 

The antenna circuit of the ordinary ship’s radio has a decrement of 
0.10 to 0.15. A low-resistance circuit set up in the laboratory for testing 
purposes may have a decrement of about 0.02. It is possible to build 
circuits which show a decrement lower than 0.01, but this is exceptional. 
A good wave meter has a decrement of about 0.02 or less. 


Problem 2-11. What will be the width of the resonance curve of a circuit using a 
coil of 250 uh having 14 ohms resistance, the circuit being resonant at 500 kc? From 
R 14 x 10° 
eq. (2-9), fA -—fi = nL = 35 7 X 250 250 
00,000 
8,900 
Problem 2-12. If the selectivity factor of a circuit is to be constant throughout its 
he i 
jot 


is constant. This means 


= 8,900 cycles. The selectivity factor of the 


= 56.3. 


eres 
circuit is 


tuning range, what must be the relation between f, R, and L? We can write 


ye rb, 
aie so that the selectivity will be constant only if ck 


that the resistance of the tuned circuit must increase directly with the first power of the 
frequency. 
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Problem 2-13. If the width of the resonance curve is to be the same throughout the 
tuning range of a circuit what must be the relation between f, R, and L? We have 


a ach 


(Actually, it generally increases much faster than the first power of the frequency.) 
Problem 2-14. A circuit is resonant at 800 ke and uses a condenser of 0.0001 pf. 

The width of the resonance curve is to be not more than 4 ke. What is the maximum 

permissible resistance of the coil? From Fig. 2-6 we find L = 395 wh. Now fo —fi 


Rk 
sa so R = 2rL(f, — fi) = 24 X 3895 XK 10-® X 4 & 10? = 9.92 ohms. 
TT. 


Problem 2-15. If, in the above circuit, the selectivity is to be the same at 1,500 ke 
as it is at 800 ke what must be the coil resistance at the higher frequency? 


Ris00 = Rsoo X 1,500/800 = 18.6 ohms 


(Notre: Actually there are other factors, sometimes more important than the coil 
resistance, that change the selectivity, so the above problems must be regarded as 
dealing with the question in an incomplete manner only.) 

Problem 2-16. A circuit has L = 160 wh and R = 15 ohms and it is resonant at 
600 ke. What is the discrimination between a current of resonant frequency and one 
of 620 ke? For resonant frequency 2xfL = 604 ohms, and at this frequency the circuit 
impedance is resistance only, i.e., 15 ohms. For 620 ke the coil reactance is 623 ohms 
and the condenser reactance is 585 ohms, so the circuit reactance is 38 ohms and its 
impedance is 40.8 ohms. The 620-ke current will be relatively only 15/40.8 = 0.367 
as much, so the discrimination is 3 to 1 in favor of the resonant frequency. Corre- 
spondingly for a current of 660 ke the impedance is 8 times as much as for 600 ke so 
here the discrimination is 8 to 1. 


, so if f, — fi is to be constant R must be independent of the frequency. 


2-11. Law for Parallel Circuits.—We shall not discuss here the general 
law for current flow in parallel circuits, 
but only that case of particular interest 
in radio. Suppose.a coil is shunted by 
a condenser, how much current does the 
line have to supply, and what is the phase 
of this current with respect to the line 
voltage? Does the circuit act like a coil 
or a condenser and of what inductance or 
capacity? 

The first point to emphasize in this 
problem (Fig. 2-12) is that the current 
taken by each branch of the circuit is 


Fie. 2-12.—Circuit arranged to 
show parallel resonance. exactly the same as though the other 


branch were not present. So each branch 
of the circuit is figured as a simple circuit. That is 


Pein ites 

7 MV Rees 
and 

Ic = 2nfCE 


NE SS SA ee PT RE OTe RT AE eR oe 
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The current J, will lag behind the voltage by an angle given by the relation 
cos ¢ = R/Z, and the condenser current leads the voltage by practically 
90°. The inductive current may be separated into two components 


I, active = I’; = I, cos ¢ 
I; reactive = I’; = I_sing 


The reactive current /’’; lags behind the line voltage by 90°, and the 

condensive current J¢ leads the line voltage by 90°. Hence the reactive 

current furnished by the line must be equal to I’’; — Ic. The active cur- 

rent taken by the inductance J’; has no counterpart in the condenser 

branch, hence the active current furnished by the line must be I’z. 
Therefore the total line current is given by 


Tee PP Te) oe re bs ea 
SSO Le a er ee ere es 


Whether the combination circuit acts like a condenser or coil depends 
entirely upon the relative values of J’’; and Ic. If Ic¢ predominates, the 
reactive current furnished by the line is a leading current and the com- 
bination acts like a condenser, in series with a certain value of resistance. 
If 7”; is greater than Jc then the combination acts like a coil, having, 
however, different inductance and resistance from those of the actual coil. ° 

The equivalent coil or condenser is calculated as follows: Suppose 
I’’;, (of eq. (2-14)) predominates, then I’ (of eq. (2-15) is a current lagging 
90° behind the line voltage. The impedance of the combination Z is 
given by 


7 mI Taran es Os De et are” et DIG) 


The resistive component of this Z is given (in terms of the currents of eq. 
(2-15) by 


I 
R = ZS dine = Z (2-17) 
Tine 
and the inductive reactance is given by 
ROS SHSM Pine = Z (2-18) 


Tine 


Problem 2-17. Let us suppose a coil of Z = 0.150 henry and Ry = 5.8 in parallel 
with a condenser of 28.5 vf connected to a line of 110 volts at 70 cycles. How much 
current flows in the line, and what is the electrically equivalent single circuit? 


The impedance of the coil is 


Zr = V5.8? + (2770 X 0.15)? = 66.3 ohms 
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The current through the coil is 110/66.3 = 1.66 amperes. 

Power factor (cos ¢) of coil = 5.8/66.3 = 0.0875. 

Active current in coil = 1.66 X 0.0875 = 0.145 ampere. 
Reactive current in coil = V'1.66? — 0.145? = 1.65 amperes. 
Condenser current = 2xfCH = 2770 X 28.5 K 10~® K 110 = 1.38 amperes. 
Active current supplied by line = 0.145 ampere. 

Reactive current supplied by line = 1.65 — 1.38 = 0.27 ampere. 
Line current = V 0.145? + 0.27? = 0.307 ampere. 

Power factor of line = 0.145/0.307 = 0.472. 

Impedance of line = 110/0.307 = 358 ohms. 

Resistance of line = Zine COS dine = 358 X 0.472 = 169 ohms. 


Reactance of line = W358? — 1692 = 315 ohms. 


As the reactive current in the coil branch is greater than that in the condenser branch 
the reactive current in the line is a lagging current, so the line reactance is an inductive 


reactance. So we write 
2nfL’ = 315 or L’ = 0.72 henry 


This means that the parallel circuit, coil of L = 0.15 henry and R = 5.8 ohms, shunted 
by the condenser of 28.5 uf acts like a simple circuit consisting of a coil of 0.72 henry and 
169 ohms resistance. 


Problem 2-18. Now suppose the frequency of the line is increased to 90 cycles; 
what will the parallel circuit be equivalent to? 


Coil impedance = V5.8? + (2790 X 0.15)? = 85 ohms. 

Coil current = 110/85 = 1.29 amperes. 

Active coil current = 1.29 < 5.8/85 = 0.0885 ampere. 

Reactive current = V1.29? — 0.0885? = 1.28 amperes. 

Condenser current = 27 X 90 X 28.5 X 10~° X 110 = 1.77 amperes. 
Active current in line = 0.0885 ampere. : 
Reactive current in line = 1.77 — 1.28 = 0.49 ampere. . 


As the condenser current is larger than the reactive current of the coil the line reactive 
current is a leading one, and the line reactance will now be capacitive, instead of induc- 
tive as it was for the previous solution. 


Line current = V 0.08852 + 0.492 = 0.492 ampere. 
Line impedance = 110/0.492 = 224 ohms. 


0.0885 
Line resistance = 224 « ——— = 40.4 ohms: . 
0.492 


Line reactance = V 2242 — 40.42 = 221 ohms. 


From 


: ue: : P : 1 
Equivalent capacity is obtained by putting this reactance equal to Inf cr 
TT 
this we get C’ = 8.02 uf. 
Therefore, at 90 cycles this parallel circuit acts like a simple circuit of 40.4 ohms 
resistance in series with a condenser of 8.02 uf. 
In Fig. 2-13 we have shown these two solutions diagrammatically. 


2-12. Resonance in Parallel Circuits.—A parallel circuit is said to be 
resonant when the line current is in phase with the line voltage; this is the 
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same condition as defines resonance for a series circuit. To find the 
resonant frequency, therefore, we put the coil reactive current equal to the 
condenser current, and solve for the frequency. 

Coil reactive current 


Meee VRP? RR? nfl 


Condenser current 


= 2rfCE 
Placing these two currents equal to each other and solving for f we get 
1 1 i 
en Soop is BLO) Buns oe ce oe (2-19) 
1 
In most radio circuits this is not sensibly different from f, = LC’ , and 


this, it will be recalled, is the formula for the resonant er cine: of the 


40.4 ohms 
ew 169 ohms 
28.5 mf. 
.15 henry .72 henry 8.02 mf, 


Actual circuit Equivalent Equivalent 
circuit for circuit for 
f=70 £=90 


Fic. 2-13.—The circuit of Fig. 2-12 is electrically equivalent to a pure resistance at 
resonant frequency; at lower than resonant frequency it is equivalent to a certain 
coil (variable with frequency) in series with a resistance (also different for different 
frequencies). Above resonant frequency the circuit is electrically equivalent to a 
condenser in series with a resistance. 


series circuit. Hence we conclude that a given coil and condenser will 
show resonance for the parallel connection at essentially the same frequency 
as gives resonance when they are in series. 

When the resonant frequency is impressed on the parallel circuit the 
line current is the same as the active current in the coil, the two reactive 
currents just neutralizing one another. The line impedance must be 
resistance only, but it will be found that this resistance is unexpectedly 
high. We have 


R’ = 


= B/—"_ EF Reon Reon ++ X71? 
Foci a X17? L Reon 


her Ih coil 
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and when R2,0u is negligible compared to Xz? this reduces to 
ou AexXXe _ tah 1 ma 16; 
es Reon 7 Reon os Reon Qrf C CReou ; 


For the problem previously discussed, therefore, at resonant frequency 
(about 78 cycles) 
Rf’ = pee ee oe 910 ohms 
28.5 K 10-* X 5.8 

This very high impedance 
| | offered by a parallel resonant 
circuit means that for a 
given impressed voltage only 
a very small current will flow 
from the line, but this condi- 


(2-20) 


R’ 


E = 250 volts Choke 


R, = 10.8 ohms ‘ ° ° : 
ie peal tion exists only if the im- 
C = 4.38 microfarads | pressed voltage is a pure sine 
rr EP DN SE IGEN wave. In laboratory tests it 
: guaranteeed to have less is difficult to make experiment 

han 1 h i 
rei than 1% Harmonie and theory agree even when 
; |_| employing alternators generat- 
n* e . 
5 | tb ing comparatively pure waves. 
5 Fig. 2-14 illustrates this point; 
6 the alternator used was the 
best obtainable, guaranteed by 
[| the manufacturer to have less 
“ E than 1% harmonic in its wave 
form. The line current fol- 
Gs \\_[Cireuit A lowed curve A in carrying out 
% Ae the test; at resonant frequency 
a ircuit B the line current was 5 times 
= as large as it should be, owing 
700 800 900 1000 1100 1200 1300 1400 1500 : 

R.P.M. of 10 pole alternator to upper harmonic currents 


Fig. 2-14.—Experimental test of parallel reson- flowing in the condensive 
ance; as ordinarily carried out the test yields branch. By inserting a large 
curve marked “Circuit A”’ and the line current e@hoke coil in series with the 
at resonant frequency is much larger than line (connection B of Fig. 


theory would indicate. When a large choke O14) 4h iL : 
coil is used in series with the alternator the 14) ss be a vee" ATMOnIC 
resonance current in the line is practically Currents were eliminated and 


what theory would predict. the line current followed curve 
B; for this curve the theoreti- 
cal and experimental values do accurately agree. 


Problem 2-19. A coil of 0.214 henry and 3.5 ohms resistance is connected in parallel 
with a 10-uf condenser. At what frequency will the circuit show resonance? If 100 
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volts of this frequency are impressed on the circuit, what line current flows? What is 
the line impedance? The coil resistance is so low that it may be neglected in calculating 


108 
the resonant frequency. This is found to be ——-——————. = 108.6 cycles. At this 
2nV0.214 X 10 
in ; 0.214 x 108 j 
frequency the circuit shows a resistance of R’ = art ee 6,120 ohms. The line 


current is J = 100/6,120 = 0.01635 ampere. 

Problem 2-20. For the above problem show that the product of line voltage and 
current does give the power used in the circuit. Line power = 100 X 0.01635 = 1.635 
watts. The condenser has been assumed to have no losses. The impedance of the 
coil itself is 146.5 ohms, so the current through it is 100/146.5 = 0.683 ampere, and 
this causes a loss in the coil of 0.683% < 3.5 = 1.63 watts. 

Problem 2-21. Used as the load in the plate circuit of a vacuum tube is a coil of 
225 wh having 12 ohms resistance. In parallel with the coil, is a condenser of suitable 
capacity to make the circuit resonant for 750 ke. What resistance does this parallel 
resonant circuit offer in the plate circuit? From Fig. 2-7 the capacity is found to be 
0.0002 uf. The resistance is then found to be R’ = ened OS 

200X410) 2) >< 12 

2-13. Adjustable Resistance of Parallel Resonant Circuit.—Fig. 2-15 
shows a coil and condenser in parallel connec- 
tion, the power supply being connected at 
points A and B. It is supposed that the fre- 
quency of the power supply has been adjusted 
to result in unity line power factor, that is, 
the coil and condenser in parallel act as though 
they were a circuit of resistance only. The 


= 93,800 ohms. 


: 1 
value of this line resistance is equal to CR 
where F is the actual resistance of the coil and 5 
condenser in series. Fig. 2-15.—If the power sup- 
The value of this line resistance is very ply of a parallel resonant 
high, as shown in the illustration of the previous circuit is shifted from ter- 
section. Let us consider that the coil of Fig. seed ie 
° points m e circul suc 
2-14 has 250 wh inductance and 15 ohms re- OD ey dee eneuie al 
sistance and that the condenser C has been still appear to the power 
set at a value to establish resonance for the supply as a pure resistance, 
impressed frequency of 1,000 ke. The con- of increasingly smaller 
denser will have to be set at a value of 102 upf. value, however, as the two 


points of power supply 


The apparent impedance across points A~B cciie closer fore iae 


will be resistance only, as previously shown. 

Dae 2n0 S108 1 
— — or ———__,, X = = 164,000 ohms. N 
CR™ 102 x 10-2 * 15 erway 
this value of resistance may be too high to serve the purpose at hand; it 
is therefore convenient that it is possible to connect the power supply at 
other points of the circuit and get a lower resistance. 


Its value will be equal to 
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If the power supply, instead of being connected to points A—B, is con- 
nected to points A-D, A-C, or D-C, the circuit will still show parallel 
resonance, having resistance only, but this resistance will diminish in value 
as the two points of connection are moved closer together. Thus if the 
power supply is connected to points A—B the circuit shows 164,000 ohms 
resistance; if connected to points A—D it might show 100,000 ohms; and if 
connected to points A-C it might show 10,000 ohms. 

Thus by connecting one of the power lines to point A (or point B) 
and having the other connection to a variable contact moving along the 
coil, this parallel resonant circuit acts like a high resistance of adjustable 
value. This scheme is used a great deal in vacuum-tube circuits, where it 
is necessary to match the resistance of the circuit to the resistance of 
the tube. 

Exactly the same idea is used in attaching a feed line to a half wave- 
length antenna. This antenna is a resonant circuit, just like the ones we 
have been discussing, except that in the antenna the inductance and 
capacity are both distributed throughout its length. The apparent 
resistance of this resonant antenna is different according to where the feed 
line is connected, varying from about 75 ohms if fed at the middle point, to 
several hundred ohms if fed near one end. When fed near the middle the 
antenna is said to be ‘“‘current-fed”’ and when fed near one end it is said 
to be a “ voltage-fed’”’ antenna. The only difference between the two 
is the value of the apparent resistance which the antenna offers to the 
feed line. 

2-14. Coils Used in Radio and Reasonable Resistances.—The coils 
used in radio transmitters are entirely different from those used in receiv- 
ing sets because of the much larger currents carried by the trans- 
mitter coils. Because of the very small number of transmitting sets 
built it is not reasonable to discuss their characteristics in a text like this, 
so the following remarks will deal only with the coils used in radio 
receivers. 

In general, a coil intended for use in a radio receiver should have as low 
a resistance as possible. The lower the resistance of the coils used in its 
radio-frequency circuits the greater is the selectivity of the set and, to 
some extent, the greater is its amplification. 

In addition to having a low resistance the coil should have approxi- 
mately the right inductance for the frequency range to be covered. For 
example, in tuning a circuit for 1,000 ke we might use a coil having 250 uh 
and a condenser having 102 uwuf. Or we might use a coil of 500 uh and 
51 uf, or possibly a coil of 1,000 uh and 26 wef. Going the other way we 
might use a coil of 125 uh and 204 uuf or one of 62 uh and a condenser of 
410 upf. 

All of these combinations will satisfy the requirements of giving reson- 
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ance at 1,000 ke. But it will be found that using coils of ordinary con- 
struction the choice of a “‘best coil” lies within quite narrow limits. 

In attempting to use a coil with 1,000 uh inductance it will be found that 
the range over which the receiving set can be tuned is quite narrow. 
Ordinarily, a well-designed set will give a useful frequency range of about 
3 to 1, but it would be found that the set with 1,000-uh coil would give a 
range of probably less than 2 to 1. There is always a considerable amount 
of stray capacity in a receiving set in addition to the intentional capacity 
of the tuning condenser. The wiring of the set gives an appreciable 
capacity; the vacuum tubes themselves and their sockets, as well as the 
coil, give stray capacities which interfere with tuning. In the set this 
amount of capacity may be as much as 30 wuf. The ordinary variable 
condenser has a minimum capacity of about 10 uuf, so that even when the 
tuning condenser is set at zero (minimum capacity) there may be 40 uuf 
of capacity connected to the coil. 

If the set is to tune to as low as 500 ke the maximum capacity for the 
1,000-zh coil circuit would be 100 uwuf. When the condenser is set at its 
minimum value there is 40 uuf of capacity connected to the coil so that 
the resonant frequency is 950 ke. Thus the range of the set is less than 
2 to 1. 

If the coil of 62 uh is used the variable condenser must have (to be 
resonant at 500 ke) a capacity of 1,600 uuf. The range of the set would 
now be from 500 ke to 3,160 ke, a very wide range. But such a condenser 
is much larger (and therefore more expensive) than necessary, and further- 
more it would be found that the selectivity of this set would be very poor. 

It is evident, then, that the proper value of inductance for the desired 
frequency range (500 to 1,500 ke) must lie between 62 wh and 1,000 wh. 
Taking into consideration cost of coil and condenser, selectivity obtainable, 
frequency range obtainable, etc., it will be found that a coil of about 
250 wh is most suitable. Such a coil will require only a reasonably large 
variable condenser, of maximum capacity 400 uuf. The range of the set 
will be 500 ke to 1,580 ke, and the selectivity will be satisfactory if the coil 
is well constructed. 

As a result of “cut and try ” it will be found that for frequencies in the 
broadcast band a coil should have a reactance of about 1,500 ohms, for the 
highest frequency at which it is to be used. This is not a very definite 
value as it depends to some extent upon how the coil is built. It may be 
as low as 1,000 ohms or as high as 2,000 ohms, but for a well-built coil the 
1,500-ohm value is generally the best. 

The reactance of a good radio coil should be from 100 to 200 times as 
much as its resistance. This is the same as saying that its power factor 
should be as low as } to 1%. The resistance of a given coil goes up with 
increasing frequency on account of the greater losses at the higher frequen- 
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cies, so that the ratio of reactance to resistance will be nearly the same for 
all the frequencies for which the radio set is designed. 

The ratio of reactance to resistance of a coil is frequently styled its Q; 
a high Q coil is one giving a sharply resonant circuit, and vice versa. For 
small coils used in receiving circuits ordinary values for Q lie between 
80 and 120; for small transmitting circuit coils, suitable for use in the 
broadcast range, stranded wire being used, Q lies between 100 and 500; 
and for the very heavy coils used in long-wave telegraph transmitters, 
heavy, finely stranded cable being used, Q has values from 1,000 to 2,000. 
These coils are for frequencies from 15 ke to 60 ke. One large coil, 10 ft in 
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Fra. 2-16.—Typical resistance curves for single layer solenoids, in the broadcast 
frequency range. The cable coils are much better than those of solid wire. 


diameter, wound on a porcelain framework, showed a value of Q nearly 
equal to 5,000. 

In Fig. 2-16 are shown curves for the resistance of a few coils made with 
different kinds of wire. One set of coils (subscript 1) had 369 uh induct- 
ance, and the other set (subscript 2) had 195 uh inductance. It can be 
seen that for all six coils the resistance increases almost proportionately 
with the frequency in the lower frequency range. With higher frequencies 
the resistance increases much faster than the frequency; here the coil is 
unsuitable for a radio receiver as its use will result in poor selectivity. 

From the curves of Fig. 2-16 the power factors of the coils ean be cal- 
culated; it will be found that for all six coils throughout the frequency 
range shown the power factor is about 3%. 
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2-15. Use of Stranded Wire for Coils.—As previously shown, it is 
generally advantageous to have the resistance of coils used in radio circuits 
as low as feasible. The skin effect makes the current leave the center part 
of a wire at radio frequencies, resulting in a resistance increasing rapidly 
at the higher frequencies in the broadcast range. To prevent this, coils are 
frequently wound with a specially constructed cable, sometimes called by 
the German name litzendraht or merely Litz. 

These cables are made of many strands of fine wire, each of the fine 
wires being itself an enamel-insulated wire. By properly weaving these 
fine wires together into a cable the skin effect is very much reduced for 
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Fia. 2-17.—These curves show that cable coils, of higher c.c. resistance than a solid 
wire coil, show lower a.c. resistance for even very low radio frequencies. 


frequencies as high as about 1,000 ke. The effect on resistance of such a 
cable, as compared to solid wire, is well shown in Fig. 2-16. The two coils 
designated as A; and Az were of No. 20 solid wire; the two designated as 
B, and Be, were made with a braided cable consisting of 32 No. 36 enameled 
wires; and those designated as C; and C2 were of a specially twisted cable 
consisting of 48 No. 38 enameled wires. 

It can be seen that for both sets of coils (one set having 60 turns in each 
coil and the other set 40 turns in each coil) the cable coils show a lower 
resistance than those using solid wire. For both sets of coils the resistance 
for continuous currents was practically the same for cable as for solid wire. 
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In Fig. 2-17 are shown resistance curves for coils of greater inductance 
than those of Fig. 2-16; coil A was of solid wire and the other two were of 
cable. It can be seen that coils A and C had practically the same resistance 
for continuous current, but at a comparatively low frequency (200 ke) the 
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Fig. 2-18.—At very high frequencies (above the broadcast band) solid wire coils become 
superior to coils made of cable. 


solid wire coil had twice the resistance of the cable coil. For the higher 
frequency the solid wire coil continues to have much higher resistance 
than the cable. 

For very high frequencies cable coils show as high resistance as, or 

even higher than, the solid wire, and for 
= these frequencies (about 2,000 ke) it 
does not pay to use cable. Fig. 2-18 
shows the comparative resistances of 
coils suitable for the high frequencies. 
ee Those with the subscript 4 are suitable 
a5 for frequencies as high as 10,000 ke. For 
these very high frequencies solid wire, 
Fig. 2-19.—Showing the use of a about No. 10 size, is best used for the 
fixed condenser to by-pass the : 
radio-frequency ripples of the plate coils. a 
éurrent axvund the phones. 2-16. Fixed Condensers Used in 
Radio.—A fixed condenser is one with 
a fixed value of capacity; it is not suitable for tuning a circuit to 
resonance but is useful for several other purposes in radio sets. 

We may say in general that a fixed condenser is used to by-pass the 
alternating current around some part of the radio set where continuous 
current is desired and alternating current not desired. Thus the B battery 
of a radio receiver is generally shunted by a fixed condenser. Whatever 
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alternating current there may be in the plate circuit of the vacuum tubes 
(this is where the B battery is used) will then be shunted away from the 
B battery. Thus in Fig. 2-19 the condenser C serves as a by-pass around 
both the telephone receivers and the B battery. 

A fixed condenser is generally made of thin metal sheets separated by 
sheets of paper which have been impregnated with oil or wax. Fig. 1-18 
shows the construction of one of these condensers. 

Such a condenser has two, three, four, or even more sheets of paper 
between the sheets of tinfoil or aluminum foil depending upon the voltage 
of the circuit it is intended for. Woemtnkts 
Using high-grade paper 0.0005 in. 
thick, properly impregnated with 
wax, we may say roughly that 
one layer of paper should be used 
for every hundred volts of the cir- 


‘ ‘ Foil Paper 
cuit. Thus, if the voltage across Inductive Winding 
the condenser is to be 400 a four- (a) 
paper condenser is suitable. Such BA 7 
per 
a condenser may stand 1,000 volts Vinny wi 
¥ bey 1S, 


for a few minutes without breaking ZY ff 
down, but practice shows that a VE 4 é “/ 
large factor of safety should be en Y 
allowed, as the dielectric strength Non-Inductive Winding 

of a condenser of this type seems to () 

decrease with age. Fia. 2-20.—The ordinary telephone condenser 


Wh d d has its terminals connected to the metal- 
en new a@ 000 waxed-paper lic foil sheets as shown at a; this is a poor 


condenser should show an insula- construction for radio-frequency circuits. 
tion resistance of about 1,000 In 6} is shown the preferred construction; 


megohms for the one microfarad the connections are made along the whole 
size; for smaller capacities it will length of the foil so that the charging current 
: : has to traverse only a short length of the 
be higher, and vice versa. foil 


Instead of oiled or waxed paper, 
mica may be used for the dielectric. The mica is a much better insulator 
than paper and more durable but of course more expensive, and it is 
never used unless the voltage is so high that the wax-impregnated type 
will not ‘stand up.” 

The capacity of these by-pass condensers can be calculated by 
eq. (1-20). For paraffin wax or oiled paper the k of this formula is about 
2.2; a special wax having a k of about 4 has been much used for radio 
condensers, but it is not as dependable as the oil or paraffin wax, seeming 
to deteriorate greatly with age. 

The tinfoil and paper condensers for use in low-frequency circuits 
(telephone frequencies and lower) make connection with the sheets of foil 
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at only one place as indicated at a of Fig. 2-20. The charging current 
thus has to run along the whole length of the metal strip. Such construc- 
tion yields a poor condenser for use in radio-frequency circuits; its resist- 
ance (equivalent series) is too high. For radio-frequency by-pass con- 
densers a construction like that of b of Fig. 2-20 is used. Each strip of 
foil projects from the paper roll for its whole length; the projecting edges 
are bent together and leads are fastened on with a soft solder. With this 
construction the charging current has to traverse the width of the metal 
strip only, instead of its length as with the other construction. 

2-17. Variable Condensers.—Variable condensers are always used to 
tune the radio-frequency circuits of a receiving set. The general method 
of construction is shown in Fig. 1-17; this is a type of standard variable 
condenser used for laboratory measurements, and the mechanical features 
of its construction are much more precise than is necessary for ordinary 
tuning purposes. 

It is present practice to “‘ gang’”’ the several tuning condensers of a 
set; for such use the most important characteristic of a condenser is 
mechanical ruggedness. If, owing to a jar, the plates of one of the series 
of condensers become appreciably bent or displaced, the response of the 
set for a given signal may be decreased to a small fraction of its normal 
value. The amount of solid dielectric (hard rubber, isolantite, or similar 
substance) used in its construction should be small and, further, it should 
be so placed that it is in as weak an electric field as possible. It can be 
seen that the condenser of Fig. 1-17 satisfies these requirements. 

If the stationary plates of the condenser are semicircular and the 
rotating plates are of the same form, the condenser is called a straight-line 

capacity condenser. This is the type gen- 


Vy ° + “7 erally useful in laboratory measurements. 

\ \ 1 ie FG * « 

\A BG ee eae For use in wave meters (see Section 2-8) 
= Se or it is desirable to form the plates of the con- 


denser in such a way that as the movable 
Fig. 2-21.—Showing the approx- plates are turned the circuit tunes for the 
toate ea! different wavelengths with an approximately 
Pel lerigth AB Ani cheniatee uniform wavelength scale. The stationary 
line frequency, C, condensers. | Plates of such a condenser (called a straight- 
line wavelength condenser) are generally of 

semicircular shape and the rotor plates have a special form. 

In another type, called the straight-line frequency condenser, the 
stationary plates are generally semicircular and the movable plates are 
somewhat more distorted in form than those of the straight-line wavelength 
condenser. In Fig. 2-21 are shown the approximate forms of rotor plates 
for the three types, SLC, SLW, and SLF condensers. These three con- 
densers would all have the same total capacity, but the variation of capac- 
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ity with the angle of rotation is different for the three. In Fig. 2-22 are 
shown approximate forms of the capacity curves for the three types, plotted 
against the angle of rotation. The exact form of the curves SLW and SLF 
depends somewhat upon the amount of stray capacity in the set itself, 
wiring, vacuum-tube capacity, ete. 

It is possible to combine fixed capaci- 
ties in series and shunt with a suitable 
variable capacity, and get a capacity 
variation curve which resembles quite 
accurately that of a properly cut SLF 
condenser, and such procedure is used in 
some commercial receivers. 

2-18. Losses in a Condenser. Shunt 0 ware ere gee 
and Series Resistance. — In a condenser pyq 9-99 Approsinate rorma of 
used at radio frequencies the actual heat capacity variation curves for the 
losses in the plates are appreciable and _ three condensers of Fig. 2-21. 
of course the dielectric used to separate 
the two sets of plates produces some power loss. 

The total loss in a condenser may be expressed in terms of power factor, 
just as for a coil. For a good modern variable condenser used in the 
tuned circuits, the power factor at 1,000 ke is about 0.003. This means 
that the equivalent series resistance of the condenser is 0.3% of its react- 

ance. The angle whose cosine is 0.003 is 
Rg about 89° 50’, and we see that the current 
flowing into the condenser leads the voltage 
c by this angle. 

Thus a condenser of 0.0005 uf at 1,000 ke 
has a reactance of 319 ohms; its equivalent 
series resistance is then 319 0.003 = 1 ohm 
approximately. This is for a good condenser; 

, a poorly constructed one might have several 
lustration of a resonant + mes this value of resistance. 

circuit with a resistance ; j : : 

Dita aeeccs tae. con: There is sometimes a resistance shunting 

denser. a condenser, as shown in Fig. 2-23; here the 

input circuit of the vacuum tube, grid to 
filament, is connected in parallel with the tuning condenser C. This 
shunt resistance, R,, must be changed into an equivalent series resistance 
before its effect on the tuning of the circuit can be estimated. A shunt 
resistance R,, can be changed to an equivalent series resistance, R,, by the 
relation 
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Fria. 2-23.—Showing one il- 
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The series resistance so found is to be added to the resistance of the 
coil, to obtain the resistance of the circuit. It may be that in addition 
to the shunt resistance of the condenser there is a series resistance to the 
condenser due to the resistance of its plates, connections, dielectric loss, 
etc. In this case the R, obtained from eq. (2-21) is to be added to the 
sum of the coil resistance and the series resistance of the condenser. 


Problem 2-22. As an example we will suppose that the coil of Fig. 2-23 has 12 
ohms resistance, that the condenser C has a capacity of 0.0003 yf, that the losses in its 
plates and the Bakelite blocks used in its construction give it a series resistance of 2 ohms, 
that the frequency impressed on the circuit is 1,000 ke, and that the resistance Ry, 
between the grid and filament of the vacuum tube, is 100,000 ohms. What is the total 
equivalent series resistance of the circuit, and what is the decrement of the circuit? 

We first use eq. (2-21) to change the shunt resistance R, into its equivalent series 
resistance 

il 
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(Qr X 10° X 3 X 10-2 x 105 she 


Rs 


Total resistance is therefore 12 + 2 + 2.8 = 16.8 ohms. 
If the frequency is 1,000 ke and capacity is 0.0003 uf the inductance, from eq. (2-8) 
is 82 wh. Then the decrement, from eq. (2-11), is 


~ ae 16.8 
2b 25610" 5c 82 & 10-4 


6 = 0.103 


It will be noticed from eq. (2-21) that the equivalent series resistance 
rises rapidly as the capacity of the condenser is diminished, that is, when 
the circuit is tuned for the higher frequencies. This is the reason that 
most radio sets are much less selective for the higher broadcast frequencies 
than for the lower ones. 

Taking into account all of the losses in circuits so far discussed, also 
losses in the vacuum-tube socket (two terminals of which are connected 
to the tuning condenser), and losses in wiring, etc., it will be found that the 
decrement of the radio-frequency circuits of an average good radio receiver 
is from 3 to 6%, generally being higher for the higher frequencies. 


Problem 2-23. An electrolytic condenser of 15-yf capacity showed a power factor 

of 0.12 when measured at 1,000 cycles. What is the equivalent series resistance? The 
6 

reactance = a = 10.6 ohms, so the value of Rs is 10.6 X 0.12 = 1.27 

ohm. 

Problem 2-24. A good variable condenser of range 70 to 1,500 uuf has such losses 
in the insulating blocks, by which its rotating plates are supported in their proper posi- 
tion, that the equivalent series resistance, at 1,000 cycles, when the setting is 1,000 uuf, 
is 8.5 ohms. At 1,000 cycles what will be the equivalent series resistance at the smallest 
and largest capacity setting? At a setting of 1,000 wuf what will be the equivalent 
series resistance at 400 cycles? At 5,000 cycles? The losses, for a given impressed 
frequency and voltage, are constant, irrespective of condenser setting, and so demand a 
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certain fixed active, or in-phase, component of current; the reactive charging current, 
I., varies directly with the condenser setting. This reactive current is so large compared 
to the active component of current that it may be taken as the same in magnitude as 
the total condenser current. This current, J., then, when squared and multiplied 
by the equivalent series resistance, must be equal to the fixed loss in the condenser, 
hence the equivalent series resistance varies inversely as the square of the setting. At 
1,500 uuf it is 8.5 ey: 3.78 ohms; and rit a nu 

‘ pee 18 8.5 xX | -78 ohms; and at 70 uuf it is a5 x (22) = 
1,730 ohms. If the loss in the blocks is regarded as dielectric loss (as it probably is for the 
most part) it will vary directly with the frequency, as will also the condenser charging 
current, 7,. But as /,? multiplied by the equivalent series resistance must then vary 


1,000 
inversely as the frequency, we have at 400 cycles R, = 8.5 X SOO oe 21.3 ohms, and 


at 5,000 cycles it is 1.7 ohms. 

Problem 2-25. The insulation resistance of a laboratory variable condenser is only 
100 megohms on a humid day whereas in dry weather it is 10,000 megohms. At a setting 
of 1,000 wuf, and 1,000 cycles, how much equivalent series resistance does this leakage 
represent? At 1,000 cycles 1,000 uuf has a reactance of 159,000 ohms, so in humid 

2 
weather R; = =e = 253 ohms; and in dry weather R, = 2.53 ohms. 

Problem 2-26. A variable condenser, using ebonite for dielectric between stationary 
and rotating plates, has a capacity range of 0.3 X 107° to 10 X 1073 uf, and at a setting 
of 6 X 107-3 uf its equivalent series resistance, measured at 25 ke, is 2.8 ohms. What 
is the angle of lead of the current? At 25 ke what will be the value of R, at a setting of 
1 X 10-3 pf? Ata setting of 10 X 107? uf? What will be the value of R, at a setting 
of 6 X 1073 uf at 1,000 cycles? The reactance of 6 X 1073 uf at 25 ke is 1,060 ohms, 


2 
so cos ¢ = =. = 0.00264, and the angle of lead is 89° 50.9.’ At a setting of 1 x 1073 uf 


there will be only 1/6 as much dielectric in the electric field, so the loss will be 1/6 of 
its value at 6 X 107% uf, and the charging current (same frequency and voltage) will 
be 1/6 as much. Hence R, will be 6 times as much, or 6 X 2.8 = 16.8 ohms. At 
10 X 1073 uf it will be 2.8 x 6/10 = 1.68 ohms. At 1 ke the loss (dielectric hysteresis) 
will be 1/25 of what it is at 25 ke, and the charging current J, will be 1/25 as much. 
As I,2Rs must give the loss we have Rs = 2.8 X 25/1 = 70 ohms. 


2-19. Use of Wave Traps to Diminish Interference.—It has been 
shown how resonance is utilized in radio circuits to ‘‘ bring in”’ a desired 
signal; it is also possible to use this same action to eliminate an unde- 
sired signal. 

In Fig. 2-24 is shown one element of a radio receiver, the antenna and 
the first tuned circuit connecting to a vacuum tube. The L;-C) circuit 
is always tuned to (brought into resonance with) the desired signal, and 
frequently the antenna capacity C; and its inductance L; are made to 
resonate to the same frequency. 

It may be that an undesired signal is of nearly the same frequency as 
the desired signal, and much louder because of the proximity of the trans- 
mitting station. Such a strong signal produces interference with the 
desired signal. To reduce this interfence two schemes have been much 
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used. A coil and variable condenser in series are connected from point A 
of the antenna to ground, as shown by the dotted line. By tuning this 
circuit to the undesired frequency its impedance is made much lower than 
that of coil L so that practically all of the interfering signal is by-passed to 
ground and does not get into the receiving set. A combination of coil and 
condenser so used is called a wave trap. 

Sometimes the antenna is opened at A and the wave trap inserted in 
series with the antenna at this point. In such a case the wave trap con- 
sists of a coil and condenser in parallel, adjusted for resonance with the 
undesired signals. As shown in Section 2-12 such a parallel resonant 
circuit offers very high impedance to the current for which it is tuned and 


er C, 


Fia. 2-24.—The series resonant circuit shown by the dashed lines is a wave-trap de- 
signed to pass some undesired signal around the coil L. The trap is tuned to the 
undesired frequency. 


a much smaller one to other frequencies. Thus but little of the undesired 
signal current will flow in the antenna circuit whereas the desired signal 
current is only slightly interfered with. 


Problem 2-27. An antenna is tuned to receive a signal of 500 ke, and a wave trap, 
consisting of a coil and condenser in parallel, has been put in series with the antenna to 
eliminate a disturbing signal of 600 ke. The wave trap consists of a coil of 300 uh 
having 20 ohms resistance in parallel with a proper condenser. What capacity is used 
and what impedance does the trap offer to the disturbing signal? To show parallel 
resonance for 600 ke the coil of 300 uh must be used with a condenser of 235 uuf and the 


resistance of this combination at resonance is given by R’ = wey = 63,800 
Br Som BAS e 10 aera 
ohms. 
Problem 2-28. What impedance does the above trap offer to the desired 500-ke 
signal? Using the method of Section 2-11, the parallel circuit for 500 ke reduces to a 


coil of 985 uh in series with a resistance of 214 ohms. 
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Problem 2-29. What series condenser put into the antenna will neutralize the 
reactance effect of the trap for the desired signal? To neutralize the reactance of a 
985-uh coil at 500 ke we must use a condenser of 103 uuf. 

Problem 2-30. Under this condition what is the effect of the trap in discriminating 
against the interfering signal? For the interfering signal the trap has introduced 
63,800 ohms in the antenna, and for the desired signal it has introduced 214 ohms 
resistance, a discrimination in favor of the desired signal of 300 to 1. 


It must be borne in mind that calculations of resonance, etc., given in 
this text are for the steady state and do not hold good while the current is 
building up or dying down. When the complete theory is taken into 
account the action of wave traps is by no means as favorable as our problem 
shows; for damped wave signals, or C.W. signals of rapid modulation 
(radio telephone or high-speed telegraphy), the discrimination may not be 
one-tenth as good as our simple theory shows it to be. 

2-20. Free Oscillations in Radio Circuits.—The alternating currents 
which ordinarily flow in the tuned circuits of a radio receiver are caused 


| | Impulse of voltage 


Current produced 


Fia. 2-25.—A pulse of voltage sets up in a resonant circuit a damped sine wave of 
current, of frequency practically the same as the resonant frequency of the circuit. 


to flow by the voltages set up in the antenna circuit by the signal being 
received. They are called forced currents or more generally forced oscil- 
lations. Their frequency is exactly that of the signal voltage, and they 
increase and decrease in intensity exactly as the signal voltage in the 
antenna increases and decreases in intensity. 

There are other alternating currents set up in the tuned circuits of a 
receiver (and a transmitter also to some extent) which are called free 
oscillations. Thus if a lightning flash occurs within many miles of an 
antenna it gives an electric ‘ shock” to the antenna. This shock has no 
frequency because it is generally a unidirectional voltage, that is, it is a 
voltage of very short duration acting either up or down in the antenna 
circuit. Voltages of this kind give crackling noises in the loud speaker of 
the radio set; they go under the name of static. 

Such impulsive voltages set up alternating currents in the antenna and 
other tuned circuits of the radio set, and these currents have a frequency 
the same as the natural frequency of the tuned circuit. This natural 


84 LAWS PARTICULARLY USEFUL IN RADIO CIRCUITS [Cuap. I 


frequency is practically that for which the circuit is tuned, that is, equal to 


———. These free oscillations rapidly die away and have approximately 
2r~/LC 
the form given in Fig. 2-25, where the aperiodic voltage or voltage pulse is 
shown in the upper part of the diagram and the resulting damped oscillatory 
current is shown below. 

The duration of the oscillatory current depends upon the decrement of 
the circuit. If we agree that the oscillatory current ceases when its ampli- 
tude has fallen to one per cent of its maximum amplitude (of course theo- 
retically these oscillatory currents last forever when they are once started) 
then the number of cycles of current is approximately given by the formula 
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here 6 is the decre t of the circuit, = ——. 
where 6 is the decremen e circuit, FL 


Problem 2-31. When the current, or voltage, associated with a damped sine wave has 
decreased to 1% of its initial value, how much of the original energy is still in the circuit? 


LI? 
The energy in the circuit varies as the square of the current (=) or as the square of 


CE? 
the voltage (=), hence when the current or voltage has dropped to 1% of its initial 


. value the energy left in the circuit is only (1%)2, or 0.0001, of its original value. 

Problem 2-32. The federal law states that the maximum allowable decrement of a 
ship’s radio transmitter is 0.2; what is the smallest number of cycles in a wave train, 
and how long does such a wave train of 500-ke current last? Using eq. (2-22), the 
number of waves in a train cannot be less than 24 and the wave train lasts 24/500,000 
or 0.000048 second. 


2-21. Selectivity of a Receiver for Free Oscillations.—A little thought 
will then show why atmospheric disturbance, or static (which consists of 
sharp, highly damped, pulses), interferes with signal currents no matter 
to what frequency the set is tuned. The static voltage always sets up 
currents of that frequency for which the set is tuned; they are thus amplified 
and reproduced in the speaker the same as is the signal current for which 
the set is tuned. 

The remarks made above regarding pulses of voltage hold good to a 
considerable degree for the signals sent off from spark transmitters, such 
as are frequently used on merchant ships. It will be found that radio sets 
near a harbor “ pick up” ships’ signals all over the broadcast range of 
the receiver, that is, 600 to 1,500 ke, although the ships’ signals are always 
500 ke or even lower. 

2-22. Effect on Resistance and Reactance of a Circuit, of Another 
Circuit Coupled to It.—In radio practice we continually meet the situation 
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where one circuit is coupled to another, generally magnetically, and the 
question at once arises as to what effect the second circuit has on the 
effective resistance and reactance of the first. A complete analysis is 
beyond the scope of this text,* so we give here merely the conclusions of 
such analysis. 

The effective resistance of the first circuit is always increased by the presence 
of the second, but the reactance may be 
either increased or decreased, or may 
even change from inductive to capacitive, 
or vice versa. 

Consider the generally encountered 
case, where a circuit having capacity, 
resistance, and inductance in series is yg. 2-26.—A second circuit if tuned 
magnetically coupled to a coil in to the frequency impressed on the 
another circuit; this is illustrated in first circuit (to which the second is 
Fig. 2-26. Calling R’; and X; the coupled) may increase the apparent 

; ; resistance of the first circuit to a 
effective resistance and reactance of aiesasiiels lee value: 
circuit 1, analysis yields the two 


Cy 


equations: 
MM 2 
Ry = + (YR, Oe eS iar) 
Z2 
M 2 
men-(Hm oo... eae 
22 


If the frequency impressed on the first circuit happens to be the res- 
onant frequency of the second (as is frequently the case) surprising 
results, with regard to resistance, may be obtained. 

The term ‘“‘ coefficient of coupling” is used to indicate how inti- 
mately the two coils Z; and Lz are associated magnetically. When one 
coil is wound as intimately as possible with the other the coefficient of 
coupling is nearly 100%; as the two coils are placed farther apart, so that 
only a small part of the magnetic field of the first links with the turns of 
the second, the coupling becomes weak. Quantitatively the coefficient 
of coupling is given by the relation 


M 
EO el EE RNEN (I 
ee 04 8 bs ey) 


Molise S as ons (226) 


in which 7 = coefficient of coupling; 
M = coefficient of mutual induction between the two inductances 
In and La. 


* See “Principles of Radio Communication,” pp. 117-150. 


from which 
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Problem 2-33. Let us suppose that coil LZ, (of Fig. 2-26) is in the plate circuit of one 
of the amplifying tubes of a radio set, and that the L2-C, circuit of Fig. 2-26 is the tuned 
radio-frequency circuit connected to the input circuit of the next tube. How will the 
X and R of coil L be affected by the presence of the coupled tuned circuit? 

As typical values we take L,; = 20 wh, R; = 2 ohms, Ly = 250 wh, C, = 0.000150 yf, 
R, = 15 ohms, and the coefficient of coupling between L; and Ly is 50%. 

In this problem 


M = 0.5V250 X 20 = 35.4 ph 


If the frequency impressed on the primary circuit is the resonant frequency for the 
second circuit we must have 
1 


Ate Ty 


or 
1 


——— 
A Ts 


Substituting the values of 2 and C2 given we find that » = 5.17 K 10®. For such 
a frequency we evidently have no reactance in the second circuit so that Z2 = R2z = 15 
ohms. 

Then from eq. (2-23) 


SLi 108K 35:4 105%)? 
Ry, =2+ aaa = 2 + 2,230 = 2,232 ohms 


Thus, although the coil Z, has a real resistance of its own of only 2 ohms, it acts 
towards the plate circuit of the vacuum tube as though it had 2,232 ohms. 

For this special frequency the reactance of coil L; is not changed from its true value, 
because X2 = 0, and so eq. (2-24) yields the relation that X’; = X. 

Problem 2-34. A coil of Li = 0.2 henry and R, = 4 ohms is connected to a 100- 
volt 60-cycle alternator. Coupled to this circuit 15% is another of LZ. = 0.6 and 
R, = 10, and to this coil is connected a condenser of 11.7 uf. What are the apparent 
resistance and reactance of the alternator circuit? How much power is used as heat 
in the first circuit and how much in the second? What is the voltage across the con- 
denser? M = 0.15V0.6 X 0.2 = 0.052 henry, so wM = 19.6 ohms. A coil of 0.6 
henry and condenser of 11.7 uf resonate at 60 cycles, so the only impedance in the second 
circuit is its resistance, i.e., 10 ohms. The resistance introduced (sometimes the word 
“reflected” is used) into the primary circuit by the second is 19.62/10 = 38.5 ohms, so 
the primary circuit has a total apparent resistance of 42.5 ohms. Its reactance is not 
affected by the presence of the secondary circuit, so is 27fI, = 75.5 ohms. The primary 
impedance is then V 42.52 + 75.5? = 86.6 ohms, and the current is 100/86.6 = 1.154 
amperes. The power used in the primary circuit is 1.1542 xX 4 = 5.34 watts, and the 
power supplied to the secondary is equal to 1.1542 X 38.5 = 51.3 watts. The secondary 


51.3 
power is equal to J*,R2, so I, = r She 2.265 amperes. The condenser reactance is 
106 
260  1L.7 XLT = 226 ohms, so the voltage across the condenser is 226 X 2.265 = 512 volts. 


Problem 2-35. Suppose that the coupling in the above problem is increased to 40%; 
what are the corresponding answers? We have M = 0.1388 so R’; = 4 + 274 = 278 
ohms and Z’; = 284 ohms and J; = 0.352 ampere. J%R; = 0.495 watt and secondary 
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power = 0.352? X 274 = 34 watts, so J: = 1.845 amperes and condenser voltage 
= 417 volts. 

Problem 2-36. Answer the same questions if the coupling is decreased to 5%. 
R’; = 4 + 4.28 = 8.28 ohms and Z’; = 76.2 ohms, so J; = 1.313 amperes. J%,:Ri = 6.9 
watts and J*,R, = 7.4 watts, so J, = 0.86 ampere and drop across the condenser is 194 
volts. 

Norte: From the above three solutions it is evident that some certain value of coup- 
ling will give a maximum voltage across the condenser. For a given voltage of the 
alternator this maximum will occur for a definite value of coupling, and for a frequency 
slightly below the value which gives secondary circuit resonance; here the reactance 
(total) of the primary circuit will be nearly zero, and hence the primary current will be 
large. 

Problem 2-37. Suppose that with the 15% coupling in the above problem a re- 
sistance of 1,000 ohms was shunted across the condenser; what would be the corre- 
sponding answers? The shunt resistance has to be changed to the equivalent series 
2262 
1,000 
ohms. Then R’; = 4+ 19.67/61 = 4+6.3 = 10.38 ohms; Z’; = 76.6 ohms; and 
J, = 1.3805 amperes. J*:R, = 6.8 watts and secondary power = 1.305? X 6.30 = 10.7 


resistance by eq. (2-21). Condenser reactance = 226 ohms, so R, = = 51 


watts, so I; = V10.7/61 = 0.418 ampere, and drop across condenser is equal to 94.5 
volts. Quite evidently a shunt resistance materially reduces the voltage set up across 
the condenser; that is the reason for using a grid bias on r-f amplifier tubes. 

Problem 2-38. The plate circuit of a triode has a resistance of 10,000 ohms in the 
tube itself and a coil of 60 wh and negligible resistance in the external plate circuit. 
Coupled 40% to this coil is a tuned secondary circuit of L; = 250 uh and R, = 22 ohms. 
The condenser has 0.000140 uf capacity, and the grid-filament circuit of the next triode, 
having a resistance of 600,000 ohms, is shunted across the condenser. An emf of 2 volts, 
of frequency 851 ke, is set up in the plate circuit of the first triode; how much voltage 
is produced across the grid-filament circuit of the second triode? First change the 


10% 
shunt resistance to equivalent series resistance. X, = PTT EON ar 1,338 
h: a asad = 2.98 ohms (say 3 ohms). The secondary circuit has then 
ohms, so * = 600,000 ~” y : yi 
ae a wM’ 2622 
22 +3 =25ohms. M = 0.4V60 X 250 = 49 uh, on = = 2750 ohms. Total 
2 


plate circuit resistance is 10,000 + 2,750 = 12,750 ohms, and Xi = 321 ohms, so 2; = 


12,800 ohms. J; = = 0.000156 ampere. Secondary power = 0.000156? X 2,750 


12,800 
Os LOS 


= 6.7 X 10-5 watts, so I, = es = 0.00518 ampere and the volts across the 


condenser = 0.00518 X 1,338 = 6.93 volts. 

2-23. Coupled Circuits with Very Tight Coupling.—The two windings 
of an ordinary audio-frequency transformer are closely coupled, possibly as 
high as 90% or more. For such circuits a simple approximate solution 
is always used, to find how much resistance the secondary circuit reflects 
into the primary. If the ratio of turns is designated by wu and a resistance 
of Re is connected across the secondary terminals, the resistance appar- 
ently introduced into the primary circuit is R2/u?. 
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Problem 2-39. The grid filament circuit of a triode, connected across the secondary 
terminals of an a-f transformer, has a resistance of 450,000 ohms. The transformer 
has a step-up ratio of 5; what resistance is apparently introduced into the primary 
450,000 

52 


circuit? Ry = R2/u? = = 18,000 ohms. 


2-24. Coupled Tuned Circuits—When coupled circuits have con- 
densers in both primary and secondary the 
mathematical solution becomes somewhat more 


hers _, Gq complicated than is reasonable to introduce in 
variable 2 * : : 
fits this text. Suppose the circuit arrangement as 


shown in Fig. 2-27; the voltage of the alternator 
is to be held constant and frequency varied. It 
will be found that instead of one resonance peak, 
as is the case for single circuits, there are two 
resonance peaks. If the two circuits are tuned 
to the same frequency (practically always the case in radio work) then the 
two humps will be equally prominent, and neither of them will occur at 
that frequency for which each circuit 1s individually tuned. One resonance 
peak will be at a higher and one at a lower 
frequency than the resonant frequency of 
each circuit by itself. Fig. 2-28 shows the 
kind of resonance curve that may be ob- 
tained; for these curves Zi = Lz and C, = 
Cz. By carrying out sufficient tests it will 
be found that the two resonant peaks are 


Ay 
Fie. 2-27—A pair of 
magnetically coupled, 
tuned, circuits. 
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related to the resonant frequency of the in- a Poites > 
dividual circuits by the relations ath ee ee ee ee ee 
Frequency in kilocycles 
fo Fie. 2-28.—Resonance curves 
[oe ae oe (eens for the two circuits of Fig. 
V1 —T 2-27; the current form shows 
two resonance humps in each 
fi= fo 1 (2238) circuit, the maxima of current 
Vil + in the two circuits appearing at 
nearly the same frequencies. 
where f’ and f” are the two frequencies at _ The separation of the two 


' resonance humps increases as 


which the peaks occur, fo is the resonant AS 
the coupling is increased. 


frequency of each circuit by itself, and 7 is 
the coefficient of coupling. It is then evident that the separation of the 
two resonance peaks depends directly upon the coupling, in fact, for com- 
paratively weak couplings, say 20% or less, it is quite accurate to put 


Me amt me 
persone Wem m0) 
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showing that the separation of the peaks is directly proportional to the 
coupling. 

This phenomenon of double-peaked resonance curves has application 
in the repeating circuits of certain radio-frequency amplifiers, as will be 
pointed out later in the text. 


Problem 2-40. Two coupled circuits each have L = 0.214 henry and C = 10 uf, and 
the mutual induction is 0.042 henry. At what two frequencies will resonance peaks 
sa ae 0.1962. Also f, So 108.8 cyel 
= = (. . 0] Se -o cycles, So 
Vink, 0.214 Qn V 0.214 X 10 Tec 


108.8 108.8 


occur? + = 


vt SS = 12) eycles and hy = —————_—. = 99.5 cycles. As a check 
V1 — 0.1962 V1 + 0.1962 
; 121.3 — 99.5 : 
on the computation we find ace cae = 0.199 for the coupling, which is very close 


to the actual value of 0.1962. 


2-25. Filters.—This is the name applied to a group of resistances, 
coils, and condensers (or possibly only two of these) arranged in such a 


Input | Filter : Output Ga 


Frequency 
Frequency Frequency 


Fig. 2-29.—The general characteristics of the three important types of filters used in 
communication circuits. 


fashion that currents of certain frequencies flow readily through the circuit 
while others encounter such a high impedance that they are essentially 
eliminated from the circuit. 

There are three general types: high-pass, low-pass, and band-pass 
filters. The high-pass filter passes readily all frequencies above a certain 
value and practically blocks the frequencies below this certain value. 
The low-pass filter permits low frequencies to pass and practically blocks 
the higher frequencies. The band-pass filter permits the ready passage 
of currents of frequencies within certain limits, and greatly impedes currents 
of frequencies either higher or lower than this band. 

The general idea of a filter is shown in Fig. 2-29; with a constant 
magnitude of voltage impressed upon its input terminals the voltage 
across the output terminals, as the input frequency is varied, has the form 
of the various curves there given. The sharpness of the ‘‘cut-off,” that is, 
how suddenly the filter changes its impedance as the frequency is varied, 
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depends in general upon the size, and therefore on the cost, of the filter. 
The lower the resistance of the coils used, and the more sections there are 

to a filter, the sharper is its change from high to low impedance. 
In Fig. 2-30 are shown the general forms of filters used for low-pass, 
high-pass, and band-pass. Three sections each of the low- and high-pass 
type are given, and one section of the 


band-pass. 
(a) to, te, Lo.E 1m A simple calculation, say of the low- 
8 6 4 2 


pass type, will show the reason for the 

peculiar performance of filters. We will 

| suppose that each coil in the low-pass 
(b) | . 3 3 filter of Fig. 2-30 has 10 henrys induct- 
ance and a resistance for continuous cur- 

rent of 10 ohms, and, for 120 cycles, of 

200 ohms, and that the condensers are 


J woyy-0 each 5 uf. At 120 cycles the impedance 

) t ‘ of each coil is then 7,540 ohms, and the 

te as reactance of each condenser is 266 ohms. 
ei onka Shae a ee 


Now suppose that a pulsating voltage 

Fig. 2-30.—In a is shown a three- of ¢ = 100 + 50 sin 27120¢ is impressed 

ears ace ae ae 6 is on the input terminals; what will be the 

shorn» threseation Kelp gument owing in the 1,000-chm load? 

of one form of band-pass filter. Will the ripple in the current of the load 

be as pronounced as the ripple in the 

voltage impressed? Exact formulas are available for solving such circuits, 
but it can be solved approximately by very simple methods. 

So far as the continuous current in the load is concerned the filter offers 
only 30 ohms resistance, each coil having a continuous-current resistance 
of 10 ohms. We next notice that the impedance of the remainder of the 
filter connected across each condenser does not materially affect the 
impedance from one terminal of this condenser to the other. Thus the 
reactance of C2 is 266 ohms, and across this is the coil Ls, in series with 
condenser C3 shunted by the 1,000-ohm load. Now the impedance of the 
L3-C3-load combination is about 7,300 ohms; and evidently shunting the 
condenser C2, having a reactance of 266 ohms, by an impedance of 7,300 
ohms, will not greatly affect the impedance across circuit points 3-4. 
Actually, shunting the Z3—-Cs3 combination across points 3-4 (between 
which points condenser C2 is connected) will increase the impedance 
between points 3-4 from 266 ohms to about 273 ohms, a negligible change 
when the analysis is only approximate, as we are attempting here. 

In the same way then the reactance across the circuit at points 5-6 
will not be appreciably affected by the L2-C2—-L3—C3 combination connected 
in parallel with C;. Having established this possible simplification of the 
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network we can easily answer the question about the form of current 
through the load. 

The circuit L;-C; offers an impedance of approximately 7,300 ohms; 
the current due to the ripple voltage, 50 sin 27120t, can then be calculated 
and so the drop across C; can be calculated. It will prove to be 


266 
7,300 


This voltage is impressed across the circuit L2-C2 and so produces a 
certain current here; of the impressed voltage, 1.82 volts, a certain fraction 
will appear across C2. The amount of this voltage across C2 is en x 
1.82 = 0.066 volt. And this voltage impressed across the Ls—C3 circuit 
will set up across the condenser C3 a voltage of 0.0024 volt. And finally 
this voltage will produce in the load a current of 0.0024/1,000 = 0.0000024 
ampere. The continuous current through the load is 100/1,030 = 0.097 
ampere. 

So the voltage across the load is 0.097 < 1,000 = 97 volts of steady 
voltage and 0.0024 volt of pulsations. The pulsating component is therefore 
0.0025% of the steady voltage whereas at the input terminals of the filter at 1s 
50% of the steady voltage. 

This approximate analysis serves well to show how filters can be used 
to “smooth out” the ripples from the voltage of a rectified alternating- 
current supply. Similar analyses could be carried out for the (6) filter 
(high-pass) of Fig. 2-30; the band-pass filter ((c) of Fig. 2-30) does not lend 
itself to a simple analysis.* 


*For more information on the various types of filters see “Principles of Radio 
Communication,” pp. 150-161. 


CHAPTER III 
GENERAL IDEA OF RADIO COMMUNICATION 


3-1. What is Radiated Power?—In general, electric power is trans- 
mitted over wires; these wires may be large enough to convey hundreds 
of thousands of kilowatts a hundred miles or more or may be the small 
wires of an ocean cable carrying a small fraction of one watt of power several 
thousand miles. In either case the wires serve to confine the electrical 
energy and guide it from one place to another. The frequency of current 
used is always comparatively low; for example, the ocean cable current 
may be about 15 cycles per second, the high-powered circuit perhaps 
25 cycles per second, and a long telephone line possibly up to 8,000 cycles 
per second. For frequencies as high as these practically all of the electric 
energy sent from the transmitting station reaches the receiving station 
except that wasted as heat as it travels along the wire. 

If the frequency of the current is increased greatly it will be found 
that some of the electric energy shakes loose from the circuit and escapes 
into space, never returning to the circuit; this is called radiated power. 
After escaping from the circuit it travels in all directions in space, much 
as the energy from an electric lamp, in the form of light waves, travels from 
the lamp in all directions. 

There are many examples of radiated power all around us; the music 
of an orchestra reaches its listeners by the radiation of energy in the form 
of sound waves, and the heat and light from the sun both reach us as 
radiated energy, in the form of electromagnetic waves. 

3-2. Dependence of Radiated Power on Frequency.—Our submarines 
have built into their hulls a large, flat, flexible steel diaphragm which can 
be vibrated back and forth by electrical means. Its vibrations send off 
sound waves into the ocean and the energy of these sound waves can be 
measured. If, keeping the other conditions of the vibrating system the 
same, the frequency is varied, it will be found that the energy radiated into 
the ocean as sound waves varies as the square of the frequency, that is, 
doubling the frequency increases the radiated power to four times its value. 

Any wire carrying alternating current radiates some power in the form 
of electric waves; for ordinary frequencies and forms of electric circuits 
the amount of power thus sent out is too minute to be measured. But if 
the frequency is increased, keeping the current constant, more and more 
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energy is radiated until when the frequency is a million or more the radiated 
power may be detected at great distances. 

Simple experiments convince us, then, that to radiate much power the 
frequency must be high; and careful experiment would yield the result 
that, for a given current, the power radiated from a given circuit varies as the 
square of the frequency. 

Furthermore, if the frequency is held constant and the current is varied, 
it may be found as the result of measurement that the radiated power 
varies as the square of the current, and so we reach the conclusion that 


Radiated power = KI?f? Rinse, Ween. cae hoary 


in which K is a factor depending upon the shape of the circuit from which 
the power is being radiated. 


Problem 3-1. The radiation resistance of an antenna varies with the square of the 
frequency, within certain limits. At 1,200 ke, with 5 amperes, a certain antenna radiates 
162 watts. If the frequency is raised to 1,500 ke and the current to 5.8 amperes what 


1,500 \ 2 5.8 
is the radiated [ap = 162 ~—— — 
is the radiated power ower x (= x (3 


Problem 3-2. A certain antenna when excited at 900 ke has a current of 15 amperes 
and the radiation is 2,750 watts. When connected to a 60-cycle power supply the maxi- 
mum current that can be put into the antenna is 11.6 milliamperes. What is the 


60 2 0.0116 \? 
radiated eae, = 2,750 Se) OS a : 
radiated power ower x (sors) x ( 15 ) 9.4 X 107}? watt 


2 
= 341 watts. 


3-3. Dependence of Radiation upon Antenna Shape.—From experi- 
ment it can be found that a straight vertical wire is the most efficient 
form of electric circuit from which to radiate power. It will be found, 
however, that only a comparatively small current can be made to flow in 
such a circuit; as the current is forced to increase by impressing more 
voltage on the circuit a blue glow, called corona, appears at the tip of the 
wire and causes large energy losses. The vertical wire is called an antenna. 

To permit larger currents in the vertical wire, without trouble from 
corona, it has been found best to connect the top end of the vertical wire 
to a flat network of wires suspended horizontally at the same height as 
the top of the vertical wire. This overhead network of wires really forms 
one plate of a large condenser, the earth being the other plate. The verti- 
cal wire then becomes the connecting wire for the top plate of the con- 
denser. Evidently the larger the overhead network of wires the greater is 
the capacity of the condenser; and hence, for a fixed frequency and voltage, 
the larger is its charging current, which flows in the vertical wire. 

As the frequency at which the antenna is to be used is raised, smaller 
and smaller overhead networks can be used; for broadcast stations the 
overhead network frequently reduces to one comparatively short hori- 
zontal wire, with the vertical wire connected to its middle point. For 
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frequencies higher than the broadcast band even this small overhead 
structure must be eliminated so that for frequencies of 10,000 ke and more 
a simple vertical wire is used as antenna. 

In general we may say that the more an antenna approaches in shape 
the simple vertical rod the more efficient it is as a radiator of power, for a 
given frequency and current.* 

3-4. Radio Waves. Wavelength and Frequency.—Let us consider 


Fia. 3-1.—An ideal 
radiating system 
is a vertical wire, 
with the high- 
frequency alter- 
nator (generally 
a vacuum tube 
oscillator) con- 
nected at its mid 
point. 


first the simplest possible antenna, as illustrated in Fig. 
3-1. <A vertical wire is cut in the middle and a high- 
frequency alternator is connected in at this point. 
The two halves of the wire, B-C and D-—F, constitute 
two plates of a condenser and the alternator A serves 
to furnish this condenser with charging current. The 
magnitude of the charging current will be a maximum 
at the alternator terminals and will diminish along the 
two wires, being of course zero at the two free ends. 
This high-frequency current will set up electric and 
magnetic fields in the space surrounding the antenna, 
the general form and disposition of these lines being as 
shown in Fig. 3-2. Both magnetic and electric lines 
reverse as the current reverses, and if this reversal 
takes place at a high frequency, part of the energy 
represented by the electric and magnetic fields is 


Fra. 3-2.—The magnetic and electric fields set up around the ra- 
diator of Fig. 3-1 have about the distribution shown here; they 
are nearly 90° out of phase, however, not in phase as might 
be concluded from this diagram. 


“shaken loose’ from the antenna and goes off into space, itraveling as 
electromagnetic waves. 

As the word indicates, such waves are made up of a combination of 
electric and magnetic fields; both kinds of fields are necessary and always 
present in electromagnetic waves, or radio waves. Of course we cannot 


* See frontispiece for example of vertical pole antenna for broadcast frequencies. 
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see these waves because our eyes cannot see either electric or magnetic 
fields; moreover, even if we could see such fields, we could not see the 
electromagnetic waves as such because they travel with such a high 
velocity, practically at the same speed as light. This is 186,000 miles a 
second in English measure or 300,000 kilometers a second in the metric 
system. 

In an actual antenna, two wires, such as B-C and D-F of Fig. 3-2, are 
seldom used; only the upper one is used. The surface of the earth serves 
as the other plate of the condenser, as 
indicated in Fig. 8-8. It will be noticed 
that the magnetic field is parallel to 
the earth’s surface and the electric field 
is perpendicular to the earth’s surface. 
When the current in the antenna is re- 
versed the electric and magnetic fields 
both reverse from the direction shown 
in Fig. 3-3. e O/T 

For one complete cycle of current in Fie. 3-3.—In the case of a vertical 
the antenna one wave is radiated; this | gtounded antenna the magnetic 
wave then must consist of two parts, eee Hines a fore have ie 

; : ; form and distribution shown by 
one with the electric and magnetic fields the golid and broken lines respect- 
in the same direction as in Fig. 3-3, and _ ively. 
one with them reversed. If these radi- 
ated waves travel out over the earth’s surface from the antenna with a 
velocity V and the number sent out per second is f, the frequency of the 
current in the antenna, it follows that the length of one radiated wave, 
X, is obtainable from the relation 


pom i hwor home V ft ten, Ft ae (82) 


In radio communication, wavelength is measured in meters; the 
English system of units is not used. As the velocity of wave travel is 
300,000,000 meters per second, we have the relation 


oo 108 
X, in meters, = atta Oe Nr ay as Pan ev alore) 


f 


In Fig. 3-4 is pictured a cross-section of a radio wave traveling over 
the earth’s surface, and the length of a wave is indicated. If the fre- 
quency of current in the transmitting antenna from which the wave came 
was 1,000 ke, the wavelength would be, from eq. (3-3), 300 meters, an 
ordinary wavelength in radio broadcasting. 
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Problem 3-3. An experimental outfit is using a frequency of 65,000 ke for radio 


p ; 3 X 108 
telephony. What wavelength is being radiated? Wavelength = 6.5 X10? = 4.62 
meters. 

Problem 3-4. A transoceanic telegraph channel uses a wavelength of 18,000 meters; 
3 X 108 
what frequency is the antenna current? ITrequency = 7000 16,650 cycles. 
ae One wave length > 
afl ff. [: 
Yi a Yj , hot MME 


Fia. 3-4.—After the waves have been shaken off from the antenna they travel over the 
earth’s surface with the velocity of light; the magnetic field of the wave is horizontal 
(shown by dots) and the electric field is nearly vertical (shown by the lines). 


Problem 3-5. The broadcast band extends from 550 ke to 1,500 ke; what wave- 
lengths does it embrace? From 200 to 545 meters. 
Problem 3-6. An amateur telegrapher is using a 40-meter wavelength; what fre- 
xX 108 


40 


quency is he using? Frequency = = 7,500,000 cycles = 7,500 ke. 


3-5. Types of Waves Used in Radio.—According to the scheme of 


communication being used, different types of radio waves are sent off from 
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Fig. 3-5.—Types of waves used in radio communication, conventionally shown; in 
a is shown the letter a sent by continuous wave telegraphy (C.W.); in } is shown 
the letter a sent by spark wave telegraphy; in c is shown the letter a sent by 
interrupted continuous wave telegraphy (I.C.W.); in d is shown a possible 
wave form sent out by radio telephone (about .0001 second). 


the transmitting antenna. In the dot and dash scheme of telegraphy used 
by most modern vessels the antenna is connected to its source of high- 
frequency power as long as the key is held down, so the waves radiated 
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have the form shown in a of Fig. 3-5. If the frequency is 500 ke and the 
dot and dash are 0.1 second and 0.3 second long respectively, there would 
be 50,000 waves per dot and 150,000 waves per dash. This is known as 
continuous wave (C.W.) telegraphy. In the merchant marine, damped- 
wave, or spark, telegraphy is sometimes used. In this scheme the antenna 
sends off a series of damped-wave trains for each dot or dash. There are 
generally 1,000 wave trains per second, so the dot consists of 100 wave 
trains and dash of 300 wave trains. Each wave train dies out before the 
next one is ready to start, as shown at b of Fig. 3-5. 

In the interrupted continuous-wave (I.C.W.) scheme of telegraphy 
each dot and dash consists of a group of continuous-wave signals, as shown 
at c of Fig. 3-5. The high-frequency power supply furnishes continuous 
waves to the antenna in groups, perhaps 500 groups per second. A dot 
would then consist of 50 groups and a dash of 150 groups of continuous 
waves. The time between groups is about the same as the duration of 
one group; if the frequency is 500 ke each group of continuous waves 
would consist of 500 waves. This scheme is much the same as spark 
telegraphy, with the difference, however, that the amplitude of the waves 
of one group is approximately constant whereas in spark telegraphy it 
starts high and dies to zero in a comparatively short time. 

In the fourth scheme of radio communication, radio telephony, 
the antenna is connected to the source of continuous-wave power continu- 
ally but the apparatus is so arranged that the amplitude of the continuous 
wave follows an envelope which corresponds to the sound wave of the voice 
or music. Such a signal 
looks like d, Fig. 3-5. It 
is known as a voice-modu- 
lated wave. 

3-6. How Radio Field 
Strength is Measured.— 
The electric and magnetic 


ie eee Fia. 3-6.—The strength of a radio wave is given in 
Fig. 3-4), travel through terms of the strength of its electric field; two 
space with the velocity of metallic plates, one meter apart, connected to a 
light, 300,000 km per sec. 10-volt battery set up an electric field (as shown 
The two fields, traveling by the lines with arrows) of 10 volts per meter. 
with this velocity, are 

mutually self-supporting. The rapidly moving magnetic field is just 
able to set up the electric field required to make up the wave. 

The strength, or intensity, of a radio wave is measured in terms of its 
electric field. This field, practically perpendicular to the earth’s surface, 
is measured in volts per meter. To make this idea clear let us suppose 
two large parallel metal plates A and B, Fig. 3-6, one meter apart. 
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A battery C, of 8 volts, charges these two plates to 8 volts difference of 
potential, and there is an electric field between the two plates as indicated 
in the illustration. The strength of this field would be 8 volts per meter 
because by going through one meter of the field the difference of potential 
is 8 volts. 

Now suppose the plates to be separated 2 meters. We know from 
elementary physics that the electric field will be weaker than it was before. 
We now have to traverse 2 meters of the field before we cover the same 
difference of potential as before, namely, 8 volts. Hence the field has a 
strength of 8 volts for 2 meters or 4 volts per meter. If the plates are moved 
close together, say within } meter, then the electric field will be much more 
intense; this would be a field of 8 volts per ¢ meter or 32 volts per meter. 

Unless the wave from a broadcasting station is measured in the 
immediate vicinity of the station the electric field is always less than one 
volt per meter. Within a few miles of a modern broadcasting station the 
field is measured in millivolts per meter and farther away it is measured in 
microvolts per meter. 

3-7. Radio Field-strength Maps.—It is practically impossible to pre- 
dict what the electric field strength of the radio wave from a given trans- 
mitter will be; it is necessary to set up a temporary transmitter at the 
place the permanent antenna will occupy and to measure, experimentally, 
the field strength of the small temporary transmitter. The measuring 
apparatus is mounted in an automobile and the measurements are made at 
hundreds of points in the surrounding territory, and from these measure- 
ments a radio field-strength map for the permanent broadcasting station 
can be constructed. In such a map the points surrounding the station 
where the field has a certain strength, say 10 millivolts per meter, are 
connected together. Any listener located at any point on this line will 
get a signal of that value in his antenna. If his antenna has a vertical 
height of 8 meters (about 25 ft) the radio wave will set up in the antenna 
8 meters < 10 millivolts per meter = 0.08 volt. If then the antenna is 
tuned, so that its reactance is zero, and has a resistance, let us say, of 16 
ohms, the radio-frequency current in the antenna will be 0.08 + 16 = 0.005 
ampere. 

Signals measured in millivolts per meter are good signals, that is, the 
ordinary atmospheric disturbances are of much lower intensity so that the 
signal comes in without appreciable “‘static’’ disturbance. The strength 
of atmospheric disturbance varies so much at different seasons and times 
of day, and according to the wavelength for which the circuit is tuned, 
that it is impossible to give even an average figure for its strength. It 
may vary from practically nothing (a few microvolts per meter) to several 
hundred microvolts per meter. It is seldom measured in millivolts per 
meter unless there is an electrical storm in the vicinity. 
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It is thus evident that if a listener is at such a distance from the broad- 
cast transmitter that the radio map shows the signal strength to be 5 milli- 
volts per meter, a good radio receiving set should give loud signals with 
inappreciable interference from atmospheric disturbances. If, however, 
the map shows him to be at a place where the contour lines are marked in a 
few microvolts per meter then the signal will be unsatisfactory and much 
of the time the signal will be practically ‘“‘buried”’ in the atmospheric 
noises. 

Fig. 3-7 shows a radio contour map of New York City; the contour 

lines are marked on an 


er g airplane photograph of 
re a the city. The broad- 
~~ » cast transmitter which 

2.5 € 2\ 
S| aod was used to send out 


/ yy °* s the signal was located 


eo 
y yy 3 
f Y} Wy, Yer Wy) Yf in the top of one of 
C 2) ey C7 the tall steel-frame 
Di Y" buildings in the lower 


Yy ° 
Y part of the city. It 
| can be seen that there 
/] is an extremely rapid 


falling off in signal 
strength as the radio 
waves travel over the 
district of tall steel 
buildings. Perhaps a 
10 20 30 40 50 mile away from the 
Miles transmitter the field 
Fig. 83-8.—Radio topographic map of station 3 LO at strength is 100 milli- 
Melbourne. Through the mountainous wooded dis- volts per meter and 
tricts (shaded areas), the signal falls off much more ‘ 
rapidly than over flat land. Ground resistances are after traveling only 
indicated. Station power of 5 kw at 371 meters. about 3 miles farther 
it has fallen as low as 1 


millivolt per meter. In open country the signal could travel 50 miles before 
diminishing to such a low value. It was primarily as the result of measure- 
ments such as these that radio engineers came to the conclusion that radio 
transmitters should never be placed in the center of a large city. 

Fig. 3-8 shows a radio contour map of station 3 LO in Australia; 
it can be well appreciated from this map that the waves attenuate very 
rapidly in traveling over wooded hills, much more so than over flat country. 
This point is further brought out by Fig. 3-9, which shows the field distri- 
bution from a station on a lake shore; to the southwest where the lake 
shore was flat and bare the signal travels three times as far, with a given 
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attenuation, as it does to the northeast where the country was hilly and 
wooded. 

In Fig. 3-7 the signal strength decreases from 15 millivolts to 1 milli- 
volt after traveling only about 2 miles in the steel-building section of 
New York City, whereas Fig. 3-8 shows that in the open country a 15-milli- 
volt signal can travel 80 miles before being attenuated to 1-millivolt 
strength. 

3-8. Propagation of Radio Waves. Attenuation.—As the radio waves 
travel out from the transmitting antenna they decrease in intensity very 
rapidly at first and then more slowly. The action is much the same as 
occurs when a pebble is dropped into a quiet pool of water. Immediately 
around the place where the pebble strikes the water comparatively large 
waves are set up; as these travel 
out in concentric circles of ever- 
increasing radius the hezght of the 
wave (which corresponds to the 
intensity of the radio wave) con- 
tinually diminishes. 

Even if there were no waste of 
energy as the wave travels over 
the earth’s surface its intensity 
must diminish because of the 
ever-increasing length of the wave 
front. The length of the wave 
front is evidently the circum- 
ference of a circle having the 4 Fig. 3-9.—A 1 kw station on a lake 

Tee shore. To the southwest the country was flat 
transmitting antenna as a center; and free of trees while to the east the country 
as the radius of the circle in- was hilly and wooded. Average radii of the 
creases, So does its circumference. three contour lines are shown. 

As the energy of the wave then 
has to spread itself over an ever-increasing length of wave the intensity 
of the energy at any one point must evidently diminish. 

There is, however, an additional reason for the diminution in intensity 
of radio waves as they travel away from the transmitting station. Some 
of their energy is wasted in the surface of the earth, some in trees and 
buildings, and some travels upward from the earth’s surface. These 
combined effects make the average signal fall off much faster than in direct 
proportion to the distance from the transmitter; the exact law for diminu- 
tion is different for different wave lengths, seasons, localities, land or ocean 
and many other factors. It cannot be predicted but must be measured; 
if the law is determined from measurements made in the summer it will 
not be correct for the winter season, and the law for night is entirely differ- 
ent from that for daytime. 
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Fig. 3-10 shows how the received signal decreased as the receiver 
located on a ship moved from New York to Bermuda; the transmitter was 
south of New York, so for the first few miles of the trip the receiver 


10,000 


}, = 66 meters 


Frequency = 4.5 megacycles 


approached the transmitter, 
with rapid increase in signal 
strength. When the ship 
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was at Bermuda, no signal 
at all could be received in 
the daytime, whereas at 
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night the strength was over 
100 microvolts per meter. 
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Fig. 3-10.—Variation of signal with time and dis- 
Ship voyaging from New York to Ber- 
New York. 
After one day’s sail the signal was inaudible in 
the day time, but at night time the signal was 
strong even when the ship was in the harbor at 


tance. 
muda with transmitter close to 


Bermuda. 
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=<— At Bermuda— 


Fig. 3-11 shows how signal 
strength decreased with 
distance from the trans- 
65  mniitter, as the receiver on 
a ship was moved away 
from the transmitter, 3 LO. 
This 371-meter wave acted 
much differently from the 
66-meter wave of Fig. 
3-10. 

3-9. Frequencies Used 
in Broadcasting.—Some 


Mid. 


years ago it was realized that if great confusion was not to be caused in 
radio communication international agreement must be reached regarding 


the frequencies to be used for different purposes. 


is the most important service that 
radio is carrying on; ship-to-shore 
and ship-to-ship communication 
can be carried on only by radio, 
and hence this service must re- 
ceive first consideration in the 
assignment of frequencies, or 
wavelength. For merchantship 
traffic 600 meters was adopted 
as the standard wavelength. 
This wavelength is short enough 
to be radiated efficiently from 
such an antenna as can readily 
be erected on a ship’s spars and 
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Fia. 3-11.—Decrease of signal strength with 
distance over the ocean; the transmitter 
was the 5 kw station of Fig. 3-8. 


not so short as to be subject to the great vagaries encountered with 


waves of 200 meters and less. 


The 600-meter wave is at present used for calling and for SOS signals, 


SHORT WAVES AND THEIR BEHAVIOR 


the traffic being generally carried 
on with waves of 800 meters or 
more; with arc transmitters the 
tendency is to use wavelengths of 
2,000 meters or more. For the trans- 
oceanic radio channels wavelengths 
from 5,000 to 20,000 meters are 
used. For naval vessels wave- 
lengths from 750 meters up to a 
few thousand find application. The 
present assignment of the various 
waves by government authority is 
shown in Fig. 3-12. 

Radio broadcasting was the last 
service to be developed; it was 
made to fit into the scheme by using 
wavelengths from 550 meters down 
to 200 meters. This wavelength 
range, about three to one, is as 
great as can be tuned without using 
more than one set of inductances, 
as was explained in Section 2-14. 

The normal frequency band for 
broadcasting purposes is then from 
550 to 1,500 ke. Several of the 
more important broadcasting sta- 
tions send out their programs on 
one or more short waves, as well 
as their normal wave. For instance, 
a station sending on 360 meters 
may also send on 40 meters; this 
short-wave transmission is primarily 
for carrying the signal to listeners 
many thousand miles away; the 
short-wave signal attenuates very 
rapidly as it leaves the antenna but 
reappears at great distances with 
high intensity. 

3-10. Short Waves and Their 
Behavior.—We may call any waves 
of length less than 100 meters short 
waves, although generally the tend- 
ency is to apply that term only to 
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Fig. 3-12.—Division of radio waves between various communication services of the United States; these are assigned by the Federal 


Government. 
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waves of 50 meters or less. The laws of propagation for these waves 
are most unusual, and for many years it was assumed that such short 
waves were valueless for purposes of reliable communication. Occasionally 
short-wave stations, of low power, were heard over great distances, but 
such occurrences were classified as “ freak transmission.” 

As a result of the work of many experimenters, however, it has been 
found that these short waves follow certain laws with reasonable consist- 
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Fig. 3-13.—This set of curves shows the peculiar behavior of the shorter radio waves; 
for wavelengths below 100 meters the direct or ground wave of the station falls off 
rapidly with increasing distance, but the signal reappears strongly at a distance of 
a thousand miles or more. The waves show a ‘‘skip distance’’; for hundreds of 
miles the signal is inaudible, but at greater distances it appears again. For these 
curves a 5 kw transmitter has been assumed, and a receiver requiring a signal 
strength of 10 microvolts per meter. 


ency, but these laws are of a most peculiar nature. As the receiving set is 
moved away from the short-wave-transmitting station the received signal 
falls off very rapidly and in a comparatively few miles dies out altogether, 
even though the station may be sending out kilowatts of power. There 
is then a zone of silence, extending for a distance of hundreds of miles. 
When the receiver has been moved perhaps 1,000 miles away from the 
transmitter the signal is again picked up and for perhaps 5,000 miles is 
heard with plenty of intensity. 
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The behavior of these waves is shown by the peculiar curves of Fig. 3-13. 
These curves are not theoretical, but follow from the results of experi- 
ment. ‘They represent the average of many thousands of observations. 
A 5-kw transmitter has been assumed and it has been assumed also that 
at the receiver we require a signal strength of 10 microvolts per meter to 
obtain an audible signal. 

We first notice the curve “ Limit of ground wave.” This tells us that 
if the transmitter is sending out a 100-meter wave we shall hear it as we 
move the receiver away from the transmitter for 125 miles. If 40 meters 
is used we can hear it only 75 miles, and if 1,000 meters is used we shall 
hear it 200 miles. Past these distances the signals become inaudible. 

If the receiver is carried still farther away from the transmitter all 
these signals reappear, at distances varying with the wavelength, time of 
day, and season of year. 

The 40-meter wave, for example, would again be picked up, at a dis- 
tance of 200 miles, if we are listening in the daytime, or at a distance of 
1,900 miles if we are listening on a winter night. These values are picked 
off from the intersection of the “‘ 40-meter ”’ line with the curves labeled 
“ Min. range sky wave for day ” and “ Min. range sky wave winter night ” 
respectively. On the winter night we should continue to hear the signal 
from the 1,900-mile point until we reach a distance of about 12,000 miles 
from the station. 

Listening to a 20-meter wave in the daytime, we would lose the signal 
at a distance of 55 miles from the station; it would reappear when the 
receiver has been moved 700 miles from the transmitter, and from here the 
signal would be audible until a distance of 3,500 miles had been reached. 
And if we happened to be listening on a winter night we could hear the 
station up to a distance of 10,000 miles. 

The zone of silence extending from 55 miles (for the 20-meter wave) 
to 700 miles, is called the ‘skip distance” of the signal. 

3-11. Action of Very Short Waves.—The behavior of ultra short waves 
(10 meters or less) is indicated in Figs. 3-14 and 3-15. It is found that 
communication is reliable only when the transmitter and receiver are both 
elevated sufficiently to give a clear, straight path between them. The 
experimental values for these figures were obtained between mountain tops 
on various of the Hawaiian Islands. Reliable communication was estab- 
lished as shown by the full-line curve of Fig. 3-15, and it is estimated 
that suitable directive antennas at both transmitter and receiver may 
extend the range as indicated by the dashed curve. Trees, wires, banks of 
earth, etc., affect the propagation of these short waves to a remarkable ' 
degree; direct waves from the transmitter, and waves reflected from a 
tree, for example, react with one another to produce a marked interference 
pattern, having several easily located maxima and minima. Due to these 
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effects some experiments have shown the field strength to vary as much as 
500 times, in a distance of only 25 ft. 

In the laboratory it is possible to generate small amounts of power with 
a wave length of only a few centimeters; so far these very short waves 
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Fig. 3-14.—With elevated transmitter and receiver waves as short as 5-10 meters are 
useful; the curve shows the commercial range of the different short waves, for the 
conditions noted. 


have had but little commercial application; one application of 15 cm waves 
is for radio communication across the English channel.* 

3-12. Kennelly-Heaviside Layer.—The peculiar action of short waves 

shown in Fig. 3-13 is attrib- 
peione terol 1 uted to a layer of rarefied air 
Musial (made partially conductive by 
the sun’s rays) apparently 
located 100 to 200 miles above 
the earth’s surface. 

Radio waves are reflected 
from a conducting surface, just 
as light waves are reflected 
from a shiny metallic surface. 
This layer of semi-conducting 
or ‘‘ionized,” air surrounds 
Fia. 3-15.—Commercial range of a 7.5 meter the earth as suggested in Fig. 

wave, as a function of the elevation of trans- 3-16. A transmitting station 
mitter and receiver; the solid line gives the located at A sends waves along 
measured range and the dashed curve the the earth’s surface and this is 
anticipated range with directive antennas called the ground wave; it also 
and improved receiver. 
sends waves upward, and these, 
particularly if of lengths between 10 meters and 120 meters, striking this 
ionized layer of air, are reflected downward as suggested at B, C, and 
* “Wlectrical Engineering,’ Nov., 1988, p. 739. 
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D; it is these waves which have been reflected down from the sky (called 
“sky waves ’’) which account for the extraordinary transmission dis- 
tances of some of the short-wave stations. 

The probable existence of this layer of conducting air, and its behavior, 
were suggested by Kennelly and 
Heaviside, and so it has come to 
be known as the Kennelly- 
Heaviside layer. 

The height of this layer (it 
is now thought there may be two 
or more distinct layers) is meas- 4 
ured by oscillograph records of 
the transmitter signal and its 
echo sent back by the ionized 
layer; the height thus deter- 
mined varies from place to place, 
and at any one place it varies 
during the day; Fig. 3-17 gives some typical results. 

3-13. Absorption of Radio Waves by Groups of Steel Buildings.—In 
the early days of broadcasting it was the custom to locate the transmitting 
stations in the centers of large cities. Certain peculiarities in the trans- 

mission soon showed the inadvisability 
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Fie. 3-16.—-This diagram gives the concept 
of waves being reflected from an ionized 
layer; when the direct wave and reflected 
wave meet, as at B, peculiar interference 
effects occur. 


= i of this procedure, and all the better- 
= grade stations were moved into the 
ae 7 a : outlying districts of the large cities. 
a a S-=7| Better signal strength, for a much 
z 2 — At Philadelphia greater number of listeners, resulted 
3 | |--= At Washington from this change of location. 
= Frequency = 4435 ke. In a city like New York a con- 
: | dition as indicated in Fig. 3-18 was 
Pes oe x Se  cbrainon, Having the broadcast trans- 


Oct. 7, 1926 

Fig. 3-17.—The height of the ionized 
layer is measured by oscillograph 
records of ‘‘echoes” or reflections; 
its height varies quite rapidly from 
day to night, and is different at 
different parts of the earth’s surface. 
It is now thought that frequently 
there exist two or more separate re- 
flecting layers of atmosphere. 


mitter at A it would be found that 
only a few miles away at C the signal 
was so weak as to be inaudible, but 
at the more distant point D, a good 
signal was received. The reason was 
at once discovered when the station 
A was made portable and the trans- 
mission to point C was measured for 
different locations of station A. 


At B there is a district of tall steel-frame buildings; these, being con- 
ductors, absorb large amounts of energy from the radio waves sweeping 
past them, resulting in a ‘‘radio shadow ” in region C. The effect is much 
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the same as the “wave shadow” caused by a small island in a lake. 


oe 


Fig. 3-18.—Diagram of New York 
City; a signal originating at A 
is nearly absorbed by the steel 
buildings in district B, resulting 
in practically no signal at C. 
At D, farther away from A, in 
line with C, the signal increases 
in strength, due to energy flow- 


Directly in the lee side of the island there 
are imperceptible waves, but with increas- 
ing distance from the island the waves 
again build up, partly from the wind 
which has come over the island and partly 
from the waves on either side of the island 
rolling into the wave shadow of the island. 

A broadcasting station located in a 
district of tall steel buildings has most of 
its radiated energy absorbed in the im- 
mediate vicinity of the station; this is 
evidently a very uneconomical arrange- 
ment, as the purpose of the station is to 


ing into this district from the 
sides. 


reach as many listeners as possible. The 


modern broadcasting station is therefore 
located in the country, perhaps 25 miles from the large city; its studio 


is located in the city for ready accessi- 
bility and a “high quality” tele- 
phone line connects the studio to the 
station. 

3-14. Radio Waves Inside Steel 
Buildings.—In a building having a 
steel framework very erratic con- 
ditions regarding radio receiving are 
encountered. The steel framework 
frequently makes a reasonably good 
shield against the radio waves, per- 
mitting but very little of their energy 
to penetrate into the building. 

Ordinarily, it is possible with a 
loop antenna to tell the direction of the 
broadcasting station from the receiv- 
er, but inside a_ steel building an 
attempt to do this may indicate the 
station to be in a direction exactly 
opposite to its true direction. With 
a loop antenna the best signal will 
generally be received in the building 
when the loop is placed close to a 
window. In other cases where one of 
the principal vertical columns of the 
steel framework runs through a wall, 


Fia. 3-19.—Inside of a steel frame 


building the radio waves have sur- 
prisingly low strength. On the roof 
of this building the signal had a 
strength of 84,000 microvolts per 
meter and inside the building even 
close to the outside wall, the strength 
was only 860 «v/m, or only 1 per cent 
of the signal outside the building. 
Furthermore the direction from 
which the waves appear to come in- 
side the building, has almost no 
relation to the actual direction of 
the transmitting station. 


FADING OF RADIO WAVES 109 


the best results are obtained by placing the loop antenna as close to this 
column as possible. 

In Fig. 3-19 are indicated some of the experimental results obtained in 
a typical steel-frame building; the figures give the measured signal strength 
in microvolts per meter, and the arrows show the apparent direction of the 
transmitting station. It is practically impossible to predict whether or 
not an audible radio signal will be obtained in the central part of such a 
structure. 

3-15. Fading of Radio Waves.—For those who live close to a good 
broadcasting station the question of fading is of no importance, but for the 
listener a hundred or more miles away from the 
station, it is a very vexing experience. With 
the condition at the transmitting station and 
receiving station fixed, as regards tuning, power, 
amplification, etce., the received signal will wax 
and wane in strength from a loud signal to one 
so weak as to be inaudible. 

In a general way the difference between 
daytime and night time transmission might be 
classed as fading, the period of the fading cycle 
here being 24 hours. Fig. 3-20 shows this 


All-——Sunrise 


1 
Darkness 


kind of an effect for a radio telephone channel Maite Gee tie 

extending across the Atlantic. The amount of yg 3-20—Diurnal vari- 
energy received during the daytime is small but ation of signal strength 
reasonably uniform. When darkness extends over a-5,000 meter trans- 


Atlantic radio channel; 
when night exists over 
the channel the received 


over the whole path a great increase in signal 
intensity occurs, but also there occur great 


variations in this intensity. These day-to-night signal ig tea or. more 
variations are ordinarily not classed as fading, times as intense as its 
even though they may be caused by the same daytime value. 


condition as brings about ordinary fading. 

Signals are also subject to seasonal variation; Fig. 3-21 shows the 
record of received signal strength from a long-wave station in France, the 
received signal being measured at two places, one about 3,000 miles away 
and the other near the transmitter. It is seen that there is a very distinct 
seasonal variation at both nearby as well as distant points. 

In the ordinary broadcast signal fading phenomenon the waxing and 
waning of the signal take place at comparatively short time intervals, 
perhaps 5 minutes or less. In Fig. 3-22 there is shown the measured 
signal intensity (of a station sending out a fixed amount of power) at a 
receiving station several hundred miles away. There is a reasonably 
regular fluctuation in the received signal of about 10 to 1, the period being 
about 5 minutes. 
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In certain other conditions the fading takes place in such rapid 
‘fluctuations as to make the signal 


received at Washington 


----received at = 
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Fig. 83-21.—There is a very decided sea- 
sonal variation in signal strength, over a 
given channel; the winter signal is more 
than twice as strong as the summer 


signal. 


These curves are the received 


signal strength over a long-wave tele- 
graph channel, for two receiving stations, 
one far away from the transmitter 
(Washington) and one near by (Mendon). 


sound like a flutter, the period 
being measured in fractions of a 
second. 

3-16. Causes of Fading.—It 
now seems almost sure that fad- 
ing is not caused to any marked 
degree by a change in the attenua- 
tion of the signal as it travels 
from transmitter to receiver. The 
change in the conducting qualities 
of the intervening air cannot be 
imagined as having such rapid 
and severe changes in the course 
of a few minutes. 

The results from many exper- 
iments indicate almost with cer- 
tainty that fading is caused by 
interference between signals which 
reach the receiver by way of 
different routes. If the waves 


which have traveled the two paths arrive at the receiving antenna in the 
same phase the received signal is intense; but if the difference in length 


of the two paths is half 
a wavelength, or any 
other odd number of half 
wavelengths, the two 
signals will arrive at the 
receiver in phase opposi- 
tion and may practically 
neutralize one another. 
Referring to Fig. 
3-16, it is seen that the 
receiver, at B, will re- 
ceive one signal direct 
and the other by reflec- 
tion from the sky. Under 
ordinary circumstances 
within perhaps a hundred 
miles of the transmitter, 
the direct signal will be 
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Fia. 3-22.—Besides the slow period variations in signal 


strength (night to day, and winter to summer) there 
are rapid changes in signal strength, called fading, 
which changes occur at intervals of a few minutes, a 
fraction of one minute, or even a fraction of a second. 
This curve shows a typical variation in signal strength 
over the channel of a broadcast station a few hundred 
miles from the receiver. 


so much stronger than the reflected one that but little difference in signal 
strength is noticed whatever may be the relative phases. 


ATMOSPHERIC AND OTHER DISTURBING WAVES i Ui 


However, if the direct path from A to B is through a district of great 
absorbing power (a large city of tall steel buildings) then the signal received 
at B after reflection from the sky may be as strong as that coming direct. 
In such a case the change in signal intensity at B may be excessive, and 
the signal may disappear altogether when the two received signals have 
phase opposition. 

Having this effect in mind it follows that the signal strength at B 
will vary greatly as the length of the path of the reflected wave changes, 
this length determining the phase difference of the two signals received 
at B. If the ionized layer in the sky moves up and down, the length of 
path for the reflected ray correspondingly changes while that of the ground 
wave remains the same. The result may be a partial or complete extinc- 
tion of the signal at B, following the change in phase of the signal coming 
over the reflecting path. 

In certain localities this effect is so marked as to make a radio telephone 
signal almost unintelligible. The possibility of interference by the two 
signals depends entirely upon the wavelength being considered; as a radio 
telephone signal uses many frequencies, first one and then another of these 
disappear (by interference), resulting in a most disagreeable form of dis- 
tortion. The effect can be remedied only by moving the broadcasting 
station. 

3-17. Atmospheric and Other Disturbing Waves.—Any rapidly chang- 
ing electric current sends out radio waves, and in many cases these waves 
are of the kind which cannot be “tuned out’ of a receiving set. An electric 
storm, with its lightning flashes, is the source of very powerful radio. 
waves, and if the storm is within a few miles of the receiver these waves 
will be much more powerful than the waves from any radio station. They 
produce loud clicks and snaps in the loud speaker. Even when there is 
no actual storm there frequently are intense electric disturbances in the 
atmosphere, especially when there are sudden weather changes, and this 
kind of disturbance frequently produces an almost incessant crackling 
and hissing noise in the loud speaker. 

Disturbing waves, as those mentioned above, are called static or 
atmospherics. They constitute the greatest single disturbing factor for 
the radio engineer to overcome. Because they are highly damped (they 
never have more than one or two cycles in a wave train) it is impossible 
to get rid of them by tuning. And being always present to a greater or 
less extent, they really set the lower limit of intensity for any radio signal. 
If the signal gets so weak as to go below the ‘‘energy level ”’ of the static, 
it can never be recovered by amplification or other means. The amplify- 
ing means will amplify the static as well as the signal, so the latter always 
remains hidden in the noise. 

There are many other kinds of electric disturbances which frequently 
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are classed as static. Every time a light is turned off or on in the house 
a click will be heard in the radio receiver. Elevator motors in apartment 
houses cause much disturbance, and such things as electric refrigerators 
cause a great deal of disturbance in the radio set. The ignition system of 
an automobile, the motors of a street railway, the charging of electrolytic 
lightning arresters, etc., all contribute their share to the vast chorus of 
noises generally heard in a radio receiver, especially in a large city. 

3-18. Types of Antenna Used for Transmitting and Receiving.—At a 
transmitting station the function of the antenna is to radiate into space 
kilowatts of power; at a receiving station it is required to pick up only 
microwatts of power. It will be evident, then, that although they may 
perform their functions, electrically, in exactly the same way, their size 
and method of construction will be much different. 

The transmitting antenna of the ordinary broadcasting station is gen- 
erally of the T form having a vertical height of from 50 to 200 ft and a 
length of horizontal top from 100 to 200 ft. It is strongly built and gen- 
erally suspended between two self-supporting steel towers about 200 ft 
high. The wires of the antenna are insulated from the steel towers by 
large porcelain insulators. When the station is operating the voltage on 
these insulators may be from 10,000 to 50,000 volts. 

The overhead wires form one plate of a condenser; the other plate is 
generally the surface of the earth. As the earth is generally a rather poor 
conductor a whole network of heavy copper wires is buried in the earth, 
under the antenna, to improve its conductivity. These ground wires are 
all brought to a common center and the power is supplied to the antenna 
‘by using this ground connection and the bottom of the “ down lead” 
(the vertical wire of the antenna) as connections. 

Sometimes it is found advisable not to bury the system of ground wires 
in the earth, but to support them on insulators fastened to the tops of 
poles 6 to 10 ft high. Such a system of insulated wires is called a counter- 
poise. It is used where the earth under the antenna is very dry or of high 
resistance for other reasons. 

Fig. 3-23 shows the dimensions and structure of a modern, efficient, 
broadcast station transmitter, for radiating a wavelength of 545 meters; 
the steel supporting towers are kept well away from the antenna wires 
themselves. The frontispiece shows the latest type of antenna used in 
America; it approximates very closely the simple antenna of Fig. 3-1. 

For transmitting very short waves the antenna at the broadcasting 
station may consist of a single vertical copper tube, perhaps 50 ft high. 
It is supported by insulators on a wooden pole. There is a break in the 
tube at its center, a coil of a few turns being connected across the break. 
Power is generally supplied by coupling the coil to one in the high-frequency 
oscillating circuit of the vacuum-tube power supply. 
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It is frequently the practice nowadays to furnish power to the trans- 
mitting antenna over a short transmission line, the transmitter itself 
being located at a distance from the antenna. In such a case suitable 
coupling devices must be used at both ends of the transmission line, to 
make the surge impedance of the line match the impedance of the output 
circuit of the transmitter, and to make the antenna appear to the line as 
such an impedance that no reflections take place at the coupling circuit. 
A copper tube, with a stiff copper rod supported centrally in this tube, 
makes the best form of transmission line; it gives off no radiation and it 
picks up no disturbing signals. 

A receiving antenna may be of almost any form and size, within reason. 
If the radio set has two or more stages of radio-frequency amplification and 
it is not more than 50 miles or so ee ee ee 
from the broadcasting station a small 
single-wire antenna, perhaps 10 to 20 


ft high, will pick up plenty of energy. 4m | 
If the radio-frequency amplification capi ae 
is poor, or the distance from the | 
transmitting station great, it may be TON. Fr 


poceeple #0 be ope an sea: 8 Fig. 3-23.—Construction of an efficient 
single wire having a total length of transmitting antenna, for a 545-meter 
about 150 ft, with a vertical height aeaGe. 

as great as possible. 

Although an outdoor antenna is generally better than an indoor one, 
in a wooden house the indoor antenna will generally prove sufficient. 
Preferably it should extend the length of the attic for the horizontal part, 
and it may run down inside the wall to the place where the radio set is 
used. The water-pipe system of the house makes a good ground. 

In apartment houses a wire run around the room on top of the picture 
molding will generally give reasonable signals. A radiator makes a per- 
fectly good ground, as it constitutes part of the water system. 

Frequently a small loop of wire, perhaps fifteen turns 2 ft square, is 
used as an antenna; but as such a loop antenna picks up but little energy 
it is necessary to have a receiver with plenty of radio-frequency amplifica- 
tion unless the receiver is within 10 miles or less of the transmitting station. 

Inside a steel-frame building there may be many dead spots where no 
radio signal may be found. In such buildings shifting the antenna from 
one room to another, or even from one side to another of the same room, 
may bring about unexpectedly great changes in signal strength. 

3-19. Natural Wavelength and Resistance of Antenna.—When the 
down lead of an antenna is connected directly to earth the natural frequency 
of oscillation of the antenna radiates its natural wavelength; it is oscillating 
in what is known as the quarter wavelength mode. For this mode of 
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oscillation the antenna current is a maximum at the earth connection, 
and decreases gradually to zero at the ends of the upper part of the an- 
tenna. A simple straight vertical wire, oscillating at quarter wavelength, 
sends out a wave from 4 to 4.1 times the length of the wire; other forms 
send out somewhat longer wavelengths. Counting the length / of the 
antenna the distance from the earth connection up the lead and out to the 
farthest tip of the antenna, the natural wavelengths of various forms are 


Simpley vertical: wirer (smarty eciea cial etols euler ale vanes ereoece 44.11 
Tantennanwibh small Cops: meee cintee ie tans cieiisenereree 4.3-51 
Dvantenna:, with lareensopace.cserte eae cia a oars ents 5-6 1 
Uinbrella antentian.cnctgeacc ee eecite Aaa vata oieasce Gaiety 6-101 
Horizontal wire 1 meter from earth (inverted L)......... 51 
Elevated horizontal wire, not earthed................... 2.121 


The electrostatic capacity of an antenna naturally depends upon its 
dimensions; small ones may have 100 yuf and the large long-wave antennas 
may have as much as 2,000 uyf. 

The wavelength at which an antenna oscillates can be increased by 
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Fig. 3-25.—Effect of ““shortening”’ con- 


Fig. 3-24.—Effect of loading coil on antenna 
denser on wavelength on antenna. 


wavelength. 


putting an inductance in series with the down lead, Fig. 3-24, and decreased 
by putting a condenser in series with the earth connection, Fig. 3-25; 
the latter is generally called a ‘‘shortening condenser.”’ 

The total resistance of an antenna (of which the radiation resistance 
may be only a small part) varies with frequency, generally having a mini- 
mum at from 2 to 4 times the natural wavelength; Fig. 3-26 shows the 
resistance of a ship antenna (natural \ = 324 meters), and Fig. 3-27 
shows the resistance curves of two types of airplane antennas. 

3-20. Directional Radio and Radio Compass.—An antenna in the form 
of a flat loop will radiate and receive poorly compared to the antenna of 
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ordinary form, but it has the valuable characteristic of directionai selec- 
tivity, both as transmitter and receiver. It transmits and receives best 
in that direction which includes the plane of the loop, and none at all in 
a direction perpendicu- 

lar to this. A receiving | | ISIE f 
loop, rotatable about a | 

vertical axis, therefore 
serves as a radio com- 
pass; the operator, lis- 
tening to a certain 
station whose position 
on his chart is known, 
turns the loop until he 
hears maximum signal 
strength and then | ie 
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knows that the plane of 
the loop is pointing in 
the direction of the 0 ss Ne ne ee 
transmitter. Or he can 
orient the loop until he 
hears no signal; the transmitter is then in a direction perpendicular to 
the plane of the loop. This does not definitely locate the transmitter, 
as it may be in either of two directions; a small vertical antenna 
properly calibrated in con- 
junction with the loop, 
Aeroplatie a gets rid of the 180° un- 
certainty. 
Trailing jvire Many other types of 
directional antenna have 
been designed and are 
rapidly coming into use, 
especially for point-to- 
point communication. 
3-21. Radio Beacons. 
—By using two loop 
0 200 400 600 800 1000 1200 1400 transmitters (single turns 
Wave length in meters perhaps 75 ft high and 
Fig. 3-27.—Resistance curves for two types of 150 ft long) at right angles 
peopiempeptenne. to each other (Fig. 3-28) 
a peculiar radiation pattern is sent out, as indicated in Fig. 3-29. One 
loop may send the letter a and the other letter n, with dots and dashes 
which are so interspersed that when of equal strength they combine to 
make one long dash; if either the a or the n is heard more distinctly the 


Fig. 3-26.—A typical resistance curve for a ship’s antenna. 
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aviator knows he is off his route and he changes his course until the two 
signals again have equal intensity. Such radio beacons cover the flying 
routes of the country, one of them 
being shown in Fig. 3-30. In more 
recent beacon apparatus the aviator 
does not have to listen for the sig- 
nals, visual indicators on the dash 
board telling him his position with 
respect to the course. 

3-22. Amount of Power Used in 
Radio.—Naturally the amount of 
power used to carry on radio com- , i ee ie 
munication depends _ principally | 
upon the distance over which the 
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Fic. 3-29.—The radiation pattern of the 
antenna arrangement of Fig. 3-28. 
The letters a and n, with dots and 
dashes interspersed, are sent from the 
two loops, in such sequence that the 
signal received over a narrow zone is a 


TTT Bo long dash; if the aeroplane gets out of 

Fig. 83-28.—The double coil trans- this “‘dash zone”’ either the a or the n 

mitting antenna of a radio beacon will be heard distinctly, a on one side of 
station. the dash zone and n on the other. 


signal has to travel. Furthermore, the amount of atmospheric disturbance 
present at the receiving station has a most important bearing upon the 
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Fra. 3-80.—Showing how radio beacon stations interlock with one another to give the 
aviator continuous radio bearings, from Boston to Des Moines; similar beacons 
cover other flying routes. 


amount of power required at the transmitter. In some parts of the world 
a signal strength of only 2 microvolts per meter permits reliable reception 
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whereas in others even 500 microvolts per meter is not sufficiently intense 
to eliminate serious interruptions from atmospheric disturbances. 

A few examples will show the present practice. For transatlantic 
telegraph channels low-frequency high-powered stations are used. The 
frequencies for perhaps a dozen of the largest stations lie between 15 ke 
and 25 ke. These stations use from 100 kw to 500 kw input to the antenna. 
They transmit with reasonable reliability over distances from 2,000 to 
4,000 miles. The antenna heights lie between 100 and 300 meters, and the 
currents supplied to the antenna from 200 to 600 amperes. 

These high-powered low-frequency stations are carrying on experiments 
on the relative effectiveness of their normal wave and some very short 
waves. For example, it seems that to send signals with any degree of 
reliability half way around the world these long-wave stations are not 
suitable; comparatively small powers (5 kw to 50 kw) at a frequency of 
perhaps 20,000 ke prove to be much more reliable, and these short-wave 
channels are now being actively developed. 

For broadcasting purposes the amount of power and frequency of the 
transmitter are controlled by governmental agencies. The broadcasting 
frequencies lie between 500 and 1,500 ke, and the amount of power supplied 
to the transmitting antenna must not exceed 50 kw, except for experimental 
purposes. 

Although it is possible to hear the signal of such a broadcast station as 
far as 1,000 miles or more, on a winter night, the reliable range of such a 
station for summer as well as winter, daytime as well as night, is not 
more than about 300 miles. 

A given amount of power on any wavelength will furnish relzable tele- 
graph communication several times as far as that over which distinct tele- 
phone communication is possible, for reasons to be taken up later in the text. 

Although the division between good and poor radio reception is neces- 
sarily indefinite, engineers have agreed that with ordinary broadcasting 
receivers a 5-kw station gives good transmission up to about 100 miles. 
A classification, necessarily somewhat arbitrary, has been made by govern- 
ment experts as shown in Table III-I. 


TABLE III-I 
Rating of Very good Good service, Poor service, Interference 
station, watts service, miles miles miles range, miles 
50 2 10 100 600 
500 6 30 300 1,800 
5,000 20 100 1,000 6,000 


50,000 60 300 2,000 
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It will be appreciated that what is a “‘good ” signal on the west coast 
of the United States, when atmospheric disturbance is very low, may be an 
‘unreadable ” signal in the Gulf states, with the almost continuous heavy 
static disturbance originating somewhere near the Caribbean Sea. 

By interference range is meant the distance up to which the carrier 
wave of the station may produce a disagreeable beat note with another 
station on nearly the same frequency. 

The above station ratings are rather pessimistic; on these ratings most 
of the radio listeners in the United States today have very poor service 
and many of them must be considered as having none at all! This we know 
is not so. 

As an example, listeners on the channel of one of the 5,000-watt sta- 
tions were satisfied with the reception they were getting even as far as 800 
miles from the station. The field strength at this distance from the station, 
at night, had an average value of 5 microvolts per meter, and varied from 
0.1 microvolt per meter to 16 microvolts per meter. 

Listeners as far as 100 miles from a 5,000-watt station generally have a 
field strength less than 1,000 microvolts per meter. As these listeners are 
generally well satisfied we must assume that for the average listener, under 
average conditions of interference, a field strength of 1 millivolt per meter 
gives reasonably satisfactory service. 

In the tabulated results given above it is evident, from Fig. 3-8, that 
“very good service ”’ requires above 10 millivolts per meter field strength; 
few listeners today have a field strength as high as this. 


CHAPTER IV 
THE VACUUM TUBE AND ITS USES 


4-1. Evaporation of Electrons from Metals.—The whole art of radio 
communication today depends upon the vacuum tube, and this device 
depends upon the possibility of evaporating electrons from metals. In 
the first part of this text there was given an elementary explanation of the 
constitution of metals, molecules and electrons moving back and forth at 
high velocities continually colliding with each other. 

As the metal is heated the haphazard motions of the molecules and 
electrons rapidly increase; by the time a metal is raised to a red heat the 
average speed of the electrons, as they get bumped back and forth by the 
more massive molecules, has increased to about 300 miles a second. When 
the speed increases to about 600 miles per second the electron is able to 
break away from the metal; it jumps right through the surface of the 
metal and exists outside of the metal, as pure electricity. This electron 
which has broken through the metal surface, that is, evaporated, is just the 
same no matter what the metal may be. The electron has none of the 
characteristics of the metal from which it came. 

If there is air surrounding the metal this phenomenon of electron evapo- 
ration cannot be brought about. Tungsten, for example, if heated in air 
to a temperature sufficiently high to produce electron evaporation, at 
once oxidizes. Furthermore, even if electron evaporation could take place 
from a metal surrounded by air, the electrons would at once go back into 
the metal. The air molecules, being so much heavier than the electrons, 
would impede the motion of the free electron so much that it would at 
once bound back into the metal from where it came. 

A pure tungsten filament must be raised to a dazzling white heat before 
appreciable electron evaporation occurs. Attempts to find other surfaces 
from which electrons freely evaporate at lower temperatures have been 
so successful that pure tungsten is used today in only a few of the large 
types of transmitting tubes. 

By using a tungsten filament which has been impregnated with thorium, 
a high electron emission is obtained at a bright-red heat. Examination 
of this tungsten-thorium filament shows that a very thin layer of thorium 
forms over the tungsten, a layer only one molecule thick, and that the 
electron evaporation thus takes place from thorium, and not from tungsten. 

119 
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Such thoriated-tungsten filaments are much more efficient than pure 
tungsten from the standpoint of power consumption; to evaporate suffi- 
cient electrons to give a current of 0.5 ampere requires a filament power of 
15 watts with thoriated tungsten, and about 60 watts with pure tungsten. 

The thoriated-tungsten filament must be treated with more care than a 
pure-tungsten filament; if the proper operating temperature is appreciably 
exceeded the thin layer of thorium is evaporated and the emission drops to 
practically zero. By suitable treatment (described in the manufacturer’s 
catalogue) called reactivation the spoiled filament may sometimes be 
restored to full efficiency. 
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Fia. 4-1.—Emission chart for three types of cathodes; the temperatures (and emissions) 
at which these cathodes are operated are indicated by the heavy sections of the 
curves. 


Even more efficient than the thoriated filament is the oxide-coated 
filament. A thin nickel or alloy ribbon is coated with a thin layer of cer- 
tain barium and strontium oxides and even at a dull-red heat a copious 
emission of electrons takes place. For a given electron emission an oxide- 
coated filament requires only one-half as much power, for heating, as is 
required for a thoriated filament giving the same emission. 

A properly manufactured oxide filament has a life of many thousand 
hours if treated properly. With too high a temperature the oxide coating 
chips off and the filament is spoiled. It cannot be reactivated in the 
same manner as a spoiled thoriated filament. 

In Fig. 4-1 are shown the comparative merits of tungsten, thoriated 


VACUUM AND HOW OBTAINED 121 


tungsten, and oxide-coated filaments, as electron emitters. The emission 
per square centimeter of cathode is plotted as a function of the temperature 
for each type of cathode, and on each curve there is indicated the tempera- 
ture range in which that type of filament can be economically operated. 
The amount of power required to hold 1 sq em of cathode at a given 
temperature depends largely upon the condition of its surface, so that the 
“watts per square centimeter of cathode” for the different filaments is 
different at the same temperature. However, it is found that the oxide- 
coated cathode gives from 40 to 150 milliamperes per watt of cathode 
heating power, the thoriated tungsten from 20 to 100, and the pure 
_ tungsten from 2 to 8. These figures show the great saving effected by 
using oxide cathodes wherever possible. The higher the temperature at 
which the cathode is operated the more efficient is the emission, but of 
course the shorter is the life of the filament. When power is cheap it pays 
to operate the cathodes at the lower temperatures; as the price of tubes 
drops it pays to operate the cathodes at higher temperature. 

4-2. Vacuum and How Obtained.—For two reasons at least the 
filament that emits electrons must be in a highly evacuated vessel. With 
appreciable air surrounding the filament this would spoil at its operating 
temperature, and furthermore unless the filament is in a vacuum the 
electrons emitted from the filament could not be effectively used, as will 
be explained later. 

During the process of manufacture the filament and other metallic 
parts which are to be used in the tube are heated red-hot in a hydrogen 
atmosphere, to “‘out-gas’’ them and they are then assembled in their proper 
relation, generally by fastenings of glass, mica, or other suitable insulating 
material. They are then sealed into a suitable bulb and this is connected 
by glass tubing to a vacuum pump. The latter is started and after most 
of the air has been pumped out the filament and other metallic parts, as 
well as the glass bulb itself, are heated as hot as feasible. This drives 
much gas out of these parts and the pump being in operation takes off all 
this gas. When the pressure has been reduced to about 10~* mm of mer- 
cury pressure getter (see section 4-3) is used and then the tube may be 
sealed off from the pump. This pressure means that only about 1/10,000,000 
of the air originally in the tube is left there. 

The evacuating is generally done nowadays by the mercury-vapor 
pump. A stream of mercury vapor, boiled off from a pool of mercury, 
shoots at high velocity through a glass tube into the side of which is sealed 
the glass tube leading to the vacuum tube to be exhausted. The mercury- 
vapor stream acts just like an ejector, dragging along with itself the gas 
from the vessel to be evacuated. 

The mercury-vapor pump is generally used in series with a pump of 
the ordinary kind, rotating or reciprocating. With this combination the 
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air is taken out in afew minutes. Atmospheric pressure will raise a mercury 
column 76 cm; in a short time these pumps will lower the pressure to 
about one micron (0.001 mm) of mercury, and if suitable precautions are 
taken, liquid-air traps used, ete., the pressure may be reduced to perhaps 
10-7 mm. Instead of taking time to do this, however, another method 
of final evacuation is used. 

4-3. Getter.—To complete the evacuation process, one of the easily 
volatilized metals is used. Magnesium, sodium, caesium, and others are 
available. A small piece of the metal is fastened to the plate or on an extra 
disc-shaped piece of metal built into the tube structure for that purpose. 
The tube being evacuated is placed inside a solenoid through which high- 
frequency current is flowing; all the metal parts inside the tube have 
currents induced in them and so they are heated and the small bit of 


Fig. 4-2.—The “getter” is mounted on various ways in different types of tubes, 
to get the best results. 


magnesium or other volatile metal is vaporized and condenses on the 
inside wall of the bulb. This gives the well-known silvery coating seen 
inside the ordinary vacuum tube. Generally, the metal does not condense 
evenly over the inside wall; there will generally be parts of the bulb with 
an opaque coating while other parts may have almost no deposited metal. 

This freshly condensed metal acts toward the residual gas in the tube 
as a sponge acts towards water; it ‘‘soaks up” the remaining gas, or 
“ gets” it with great rapidity. This last step in the evacuation process 
is called the “ clean-up.” The life of a vacuum tube depends primarily. 
upon the efficiency of the clean-up process. 

In Fig. 4-2 are shown the various manners of fastening the getter 
metal to the tube structure, and in Fig. 4-3 is shown the method of induc- 
ing high-frequency currents in the tube elements while they are being 
evacuated. 

4-4. Effect of Poor Vacuum.—There are two bad characteristics to a 
poorly evacuated tube; the filament may become ‘“ poisoned”? and 
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thus cease to emit electrons as it should, and even before this occurs the 


action of the tube is erratic. 


It may in fact cease to function at all. 


The thoriated filament has a layer of thorium only one molecule thick 
over the tungsten; it is this molecular layer of thorium which permits the 


copious emission of electrons at 
comparatively low temperature. 
Now if there is appreciable gas left 
in the tube after evacuation the 
result is as follows: 

The electrons which are emitted 
from the filament are pulled over 
the plate, one of the cold elec- 
trodes of the ordinary vacuum tube. 
They travel with very high velocity, 
several thousand miles per second. 
Some of these high-speed electrons 
collide with gas atoms and break 
free one or more electrons; that is, 
they ionize the gas. The freed 
electron travels along with the orig- 
inal one and the positively charged 
gas atoms move in the opposite 
direction, that is, toward the fila- 
ment. When they reach the fila- 
ment they are moving with high 
speed and the energy of the collision 
will disrupt to some extent the 
atom-deep layer of thorium. If this 
bombardment by positive gas atoms 
takes place to an appreciable extent 
the thoriated filament becomes 
practically useless as a source of 
electrons. 

In addition to this effect of fila- 
ment damage the behavior of a 
tube with ionized gas is very erratic. 
If it is being used as a detector it 
may stop functioning completely; 
if it is being used as an amplifier its 
amplifying power may be much 


Fia. 4-3.—To flash the getter, and also 
to heat the tube elements during the 
evacuation process, high-frequency cur- 
rents are sent through solenoids placed 
around the tube in such a way that 
eddy currents are induced in that part 
of the tube which it is desired to heat. 
The high-frequency currents are gen- 
erally obtained from obsolete spark- 
transmitter apparatus. The coil in the 
foreground is in the right position for 
flashing the getter of the fourth tube 
of Fig. 4-2; the two coils in the back- 
ground are in the right position for 
heating plates and grids. 


reduced and it is the source of much “noise”? in the loud speaker. In 
case the ionization is more than the small amount we have supposed, a 
light bluish glow appears in the tube; when this takes place the amplifier 
is dead, for reasons brought out later in this chapter. 
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4-5. What is a Good Vacuum.—The steam engineer thinks he has a 
“900d vacuum ”’ when his condenser shows a pressure of 10 mm of mer- 
cury, the normal atmospheric pressure being 760 mm. In the ordinary 
process of evacuation used for radio tubes, pressures as low perhaps as 
0.0001 mm of mercury are reached. After the getter has functioned the 
pressure may go as low as 10~°, or even possibly 10~°®, mm of mercury. 

With the best refinements available in a good laboratory, using char- 
coal and liquid air as assistants to the pumps, it is possible to get a vacuum 
as low as 10-8 mm of mercury. Now even with this degree of vacuum 
there are still approximately 10% molecules per cubic centimeter of our 
supposedly perfect vacuum. This means that the gas molecules are on the 
average only about 0.001 cm apart! 


Fie. 4-4.—Two of the earliest commercial types of vacuum tubes; Fleming valves 
used on early radio receivers. 


At atmospheric pressure there are enough gas molecules per cubic 
centimeter to make the average distance between them about 0.000001 em; 
by our most perfect evacuating processes we are able to thin them out to 
increase the average distance of separation one thousand times. In the 
average vacuum tube the gas molecules are only about 0.0001 em apart. 
It is evident, then, that ‘‘ vacuum ”’ is only a comparative term. 

4-6. The Two-electrode Tube or Diode.—If a hot filament is in the 
same evacuated vessel as another electrode, such as a small plate of suit- 
able metal, the combination forms an electric valve, that is, current will 
flow through the device in one direction but not in the other. Electrons are 
evaporated from the hot filament, but not from the cold plate. If there- 
fore the plate is made positive with respect to the filament, the electrons, 
evaporating from the filament, cross the vacuous space to the plate, enter 
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it, and then flow around the external circuit back to the filament. If, 
however, the plate is made negative with respect to the filament, there will 
be no electron flow because there are no electrons free to leave the plate 
to cross the vacuous space to the filament. The only free electrons, avail- 
able to flow across the space between plate and filament, are already at 
the surface of the filament. 

Such a two-electrode tube, or diode, will then pass current when the 
plate is made positive with respect to the filament, and will not pass current 
when the plate is negative with respect to the filament. In radio reception 
some rectifying device is necessary to make the high-frequency signals 
audible in the telephones. Fleming was the first to see that the two- 
electrode vacuum tube was suitable 


ment. 
4-7. Characteristic Curves of 


for such use and to use it so; the H +H 
device was a called a Fleming valve. rH 5 
Fig. 44 shows the Fleming valve | ; 3 
as actually used on early receiving Serene tube 4 
sets; on either side of the small hair- i rs a 2 
pin filament a nickel plate was placed, ales oe 
about 2mm away, and the electrons [ : 3 
evaporating from the filament crossed 18 
this space to either plate when this 2 | 
was made a few volts (about 20) on ie 
positive with respect to the fila- 2 6 : 


Two-electrode Tube.—In Fig. 4-5 ime 
are shown three of the characteristic _ 1 6 
curves of a small diode; for a nega- : 
tive plate the current was so nearly % 3 
zero that it could not be read on the PO nee Se 

ammeter being used. The vacuum yg. 4-5.—Plate current-plate voltage 
in this tube was reasonably high curves of a diode. The plateaus on 
(much better than was used in the curves 1 and 2 are due to saturation; 


the plate voltage is high enough to 
pull across all the electrons which 
are being evaporated. 


actual Fleming valves) and no ap- 
preciable current flowed with a nega- 
tive plate, even when this was made 
as great as 300 volts below the filament potential. 

The three curves of Fig. 4-5 are for different filament currents. For 
the low filament temperature of curve 1, 30 volts (positive) on the plate 
was sufficient to attract to the plates all of the electrons evaporated from the 
filament; it is seen that for voltages greater than 30 the plate current did 
not increase at all. It would not have increased even if the voltage had 
been raised to several hundred. 
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For curve 2 the filament was held at a higher temperature, so more 
electrons evaporated. Even 50 volts on the plate was not quite sufficient 
to pull away from the filament all the electrons evaporating, but about 60 
volts would have done so. For curve 3 there was a much more copious 
supply of electrons (owing to the higher filament temperature), and it 
would have required 100 volts or more on the plate to pull across all the 
electrons. 

It will be noticed that for all three curves, at the lower voltages, the 
plate current increases much more rapidly than the voltage. The curve 
is nearly a parabola, that is, the equation between voltage and current is 


1 Po, ee ee 


4-8. Direction of Current in a Diode.—It is to be noticed that the 
conventional direction of current flow is from the positive pole of a bat- 
tery, through the outside circuit, and 
so back to the negative pole. In Fig. 
4-6 is shown a diode with its two 
circuits; the A battery (of about 
6 volts) supplies power to the filament 
circuit and the B battery, of about 25 
volts, serves to hold the plate posi- 
tive with respect to the filament. The 
path through the B battery then to the 
plate, then across the vacuous space to 
the filament and so back to the nega- 
tive terminal of the B battery is called 
the plate circuit. 

According to convention we must 
indicate the plate circuit current as 
flowing in the direction of the arrow- 

B battery head; but we notice that the electrons, 

Fia. 4-6.—The direction of flow of inside the tube, are flowing in the 
electrons is from filament to plate; plate circuit in a direction opposite to 
wie amos ee commtml the amow-head. And of course the 

Wine pine eo portive: plate circuit current, throughout the 

entire circuit, consists of electron flow 
in the direction opposite to the arrow-head. We adhere to the conven- 
tional direction of current, but many times, in analyzing the actions 
inside the vacuum tube, it must be remembered that there is nothing 
flowing from plate to filament (if there is no ionized gas in the tube) but 
that the electrons are flowing in the opposite direction, i.e., from the fila- 
ment to the plate. 


Glass vessel 


A battery 
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4-9. Uses of Two-electrode Tube.—Originally the two-electrode tube 
was used as a rectifier, or detector, in a receiving circuit; this was the 
Fleming valve. For many years the triode (more sensitive) entirely 
replaced the diode as a detector, but in recent designs of broadcast receivers, 
the diode is being used as detector more often than the triode. No steady 
voltage is used in the plate circuit, the signal voltage only being used to 
draw electrons from the filament to the plate. See Figs. 7-21 and 7-26. 

The diode has been used a great deal in radio outfits, both transmitters 
and receivers, to rectify an alternating-current power supply, to get a 
continuous-current power supply for the plate circuits of the three-elec- 
trode vacuum tubes. For receiving sets the diodes are made to rectify 
alternating power supplies as high as 300 volts or more (alternating current) 
and to deliver a rectified current of a few tenths of an ampere. In the 
transmitting circuits the diodes carry amperes of plate current, and rectify 
alternating-current power supplies as high as 20,000 volts. Sometimes 
two filaments and two separate plates are mounted in the same tube; 
this construction permits the rectification of both alternations of the 
alternating wave; they are sometimes called full-wave rectifiers. Within 
the last two years the hot-cathode, mercury-vapor valve has practically 
superseded the high-vacuum valve, because of its greater current-carrying 
capacity and higher efficiency. 

4-10. The Hot-cathode Mercury-vapor Valve.—If a few globules of 
mercury are put into a valve which has been highly evacuated the mercury 
will evaporate until the tube is filled with mercury vapor at a pressure 
fixed by the bulb temperature. At room temperature the pressure is 
about 0.001 mm; at 50 C it is about 0.01 mm;and at 85C it is about 
0.1mm. With 0.01-mm pressure (about what the small commercial valve 
uses) the total emission of the filament is carried through the valve with 
only about 10 volts drop, yet in the reversed direction of polarity several 
thousand volts are required to ‘‘break it down” and so carry reversed 
current. These mercury-vapor valves, using oxide-coated filaments for 
cathode, are used almost universally in rectifying alternating-current 
power, for the plate power supply of radio receivers and transmitters. 

4-11. The Three-electrode Tube, Audion, or Triode.—Deforest dis- 
covered that if he put a mesh, or grid-like metallic screen, between the 
plate and filament of the diode the tube became a much more sensitive 
detector of radio signals, and also that it might be used as an amplifier of 
the radio signals. He named this three-electrode tube the audion, but 
it is more properly styled today the triode. 

The grid in Deforest’s early tubes was merely a zigzag piece of wire 
interposed between the hair-pin filament and the flat plate. In the 
modern triode the plate is generally a cylinder, of elliptical cross-section, 
and the grid is an elliptical-shaped spiral of fine wire closely spaced. ‘The 
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potential of the grid controls the plate current more closely as the grid is 
made of finer mesh, and is made to surround the hot filament more com- 
pletely. Fig. 4-7 illustrates this idea; two tubes are shown in cross- 
section, one having a fine grid and one having a coarse grid. In the 
structure of (a) the electrons trying to get from filament, F’, to plate, P, are 
obliged to pass very close to the wires of the grid and so are affected 
strongly by the potential of the grid. In the construction of (b) the elec- 
trons can get to the plate more readily as they do not have to pass so 
p close to the grid wires, if they 
go through the grid, and further- 
more some of them may flow 
. ¥ from filament to plate by going 
all peas around the ends of the grid. 

a Ud 4-12. Equation for Plate 
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Current of the Triode.—From 
what has been said in the fore- 
going section it is evident that 


ee . pee. if the plate voltage is held con- 
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stant, at some positive value, 
a more or less electrons will flow 

Fie. 4-7.—Cross-sections through the struc- _ from filament to plate depending 
ture of two triodes; the close mesh of the upon the potential of the grid. 

grid in a will evidently exert a stronger : ot A 

influence on electron flow than will the If the grid goes positive (with 

coarse grid structure of b. respect to the filament) the 

plate current is increased and 

the grid itself takes a small current; if the grid goes negative the grid draws 
no current at all, and the plate current is diminished. 

It has become customary in triode analysis to refer the grid potential 
to that of the negative end of the filament, if continuous current is used to 
heat the filament; if alternating current is used to heat the filament the 
grid potential is referred to that of the center point of the filament. 

The plate current of a triode may be changed in two ways: the potential 
of the plate may be changed, or the potential of the grid may be changed. 
Expressing this relation in the form of an equation, 


Tp mK (Bn eA) 


Although tubes differ among themselves in their behavior, and the 
action of a tube with high plate voltage may be somewhat different from 
that of one whose plate voltage is low, eq. (4-2) gives a reasonably accurate 
relation for all ordinary tubes. The factor K is fixed by the general 
make-up of the tube, size of filament and plate, separation of filament and 
plate, etc. The factor » has to be put in the equation because the plate 
current is generally affected to a different degree if the grid potential is 
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altered, say one volt, than if the plate voltage is altered one volt. The 
exponent, x, is about 2 for the ordinary triode. 

4-13. Amplification Constant of Triode.—If we test the characteristics 
of ordinary commercial triodes it will be found that the grid potential is 
much more effective in controlling plate current than is the plate potential 
itself. Thus if with a given tube we raise the plate potential by one volt 
the plate current may increase by 5 milliamperes, the grid potential remain- 
ing fixed. If now we keep 
the plate potential fixed at 
its original value and raise 
the grid potential suffi- 
ciently to increase the plate 
current again, 5 milliam- 
peres, it will be found that 
the grid potential has been 
raised, say, only 0.2 volt. 
This means that 0.2 volt on 
the grid is worth 1.0 volt 
on the plate, so far as plate 
current is concerned. That 
is, the grid is 5 times as 
effective as the plate, in 
controlling the plate cur- 
rent. This relative effective- 
ness of the grid potential 
and plate potential in con- 
trolling plate current is 
called the amplification con- 
stant of the triode. The 
factor u, of eq. (4-2), is the 
amplification constant. 


we nam me a 
In the old Deforest audi- Bese vee iain 


Plate current in milliamperes 


ons one volt on the grid had aa Voltage 
the same effect on plate cur- yg. 4-8.—Plate current-grid voltage curves of 
rent as about 2 volts on the two common types of triodes. 


plate; the factor » was 

therefore 2. In the ordinary amplifying tube used in radio receivers today 
one volt on the grid has the same effect on plate current as 8 volts on the 
plate; the amplification constant is therefore 8. 

The amplification factor of a triode with the construction of (a) in 
Fig. 4-7 would be about 40, whereas that shown in (b) of the same figure 
would be about 5. By using wires a few thousandths of an inch in diam- 
eter for the grid, and spacing them about 100 to the inch it is possible to 
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get an amplification factor of as much as 200. This seems to be a practical 
limit for the amplification constant of a triode, and even this is much greater 


than is generally useful in radio circuits. 


4-14. Action of the Grid. Grid Current.—In Fig. 4-8 are shown some 


characteristic curves for two types of triodes that 
have had almost universal use in receiving sets. 
The type UV 199 tube is one which uses only 
0.06 ampere at 3 volts, to heat its thoriated fila- 
ment. The UV 201A tube was standard tube for 
the average radio receiver; it uses 0.25 ampere at 
5 volts to heat its thoriated filament and it is 
generally used as an amplifier with from 90 to 135 
volts in the plate circuit. 

The curves of Fig. 4-8 show the relation be- 
tween plate current and grid potential; only 
negative grid potentials are shown because ampli- 
fying tubes are never used with a positive grid, 
for reasons taken up later. 

For the 201A tube three curves are given, 
showing how the grid potential controls the plate 
current for three different plate voltages. They 
have the same general shape, but evidently show 
that the higher the plate voltage, for a given grid 
potential, the higher is the plate current. Now it 
can be seen that we have the same plate current, 
for the three different plate voltages, provided the 
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Fie. 4-9.—Grid-current curves for a 250-watt highly evacuated triode; the com- 
paratively small current which flows when the grid is negative is due to residual 


gas in the tube, ionized by the plate current. 


grid potential has a proper value for each plate voltage. For example, the 
tube carries one milliampere in its plate circuit for the combinations 


(E, = 100, E, = — 8), (Ey = 70, E, =— 4.2) or (Ey = 40, E, =— 0.4) 
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Looking at the first two pairs of values it is evident that diminishing the 
plate voltage by 30 volts can be neutralized, so far as plate current is con- 
cerned, if the grid voltage is raised 3.8 volts. The grid is evidently 3.8 
volts higher potential at —4.2 than at —8.0 volts. So we may say 3.8 
volts in the grid are as effective as 30 volts on the plate; this makes the 
amplification constant equal to 30 + 3.8 = 7.9. In the same way, drop- 
ping the plate voltage from 70 to 40 volts may be compensated for by 
raising the grid potential from —4.2 volts to —0.4 volt. Again 3.8 volts 
on the grid are as effective as 30 volts on the plate. 
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Fig. 4-10.—Plate and grid-current curves for a 250-watt triode; curves H and D show 
that insufficient filament current was being used. The grid current, with negative 
grid potential, was not measurable with the instruments used. 


When the grid of such a tube as the 201A type is negative it draws so 
small a current that an ordinary galvanometer will not measure it; if, 
however, the grid is allowed to go positive (with respect to the negative 
end of the filament) it draws a current which increases rapidly as the grid 
goes more positive. 

If the grid of a triode does draw current when the grid is negative 
there must be ionized gas in the tube. In fact, the amount of grid cur- 
rent under such conditions is used as an indicator of the amount of gas 
left in the tube after evacuation. Fig. 4-9 shows this effect for a large 
power tube. It may be seen that there was a definite, small amount of 
negative grid current; the plate current of such a large tube would be 
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about 0.5 ampere and the curve shows the grid current in the negative 
direction to be only one or two microamperes. We have the rule, then, 
that with a negative grid the well-evacuated triode draws a current so small 
as to be ordinarily negligible. 
Fig. 4-10 shows how the plate current of a 250-watt triode varies with 
grid potential; it also shows the grid 
4 jam current which flows when the grid 
-401-—"Loss on plate “Iftt| becomes positive. Furthermore, it 
d_value ay A shows how the characteristics are 
35 a greatly altered if insufficient fila- 
LENCE eee ment current is used. When oper- 
20H J teht ated at either 3.2 amperes or 3.3 
| Sues P-20 ; rift amperes the triode would give but 
GEE, eee cere ti fizt| little power, and the wave forms 
im Zs: would be greatly distorted. Fig. 
| (| 4-11 shows the characteristics of 
another 250-watt triode, taken in 
different fashion; the grid bias was 
held constant as the plate voltage 
a was altered in getting this family of 
| «S| curves. This type of curve is more 
Tie convenient than that shown in Fig. 
AlAlA Z| 4-10 when the possible power out- 
Ho ALY | put of the tube is under considera- 
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Plate voltage In Fig. 4-12 are shown the 

Fie. 4-11.—Relations between plate cur- operating curves of a type ’45 tube; 

rent and plate voltage, of a quarter this has been extensively used as 


Howat tubs for aroused Bola the “output tube” of ‘broadcast 
calculate possible output of the tube, TeCelvers. 
distortion of output, ete. 4-15. Triodes with Variable Am- 
plification Factor.—For certain pur- 
poses a tube with a variable uw proves to be advantageous, notably when 
amplification of a radio set is to be controlled by the grid bias of the radio- 
frequency tubes. The amplification control is smoother and the modula- 
tion distortion is less if the triode has a « which decreases with increase of 
bias. Using a grid of helical construction a variable u can be obtained by 
making the helix of tapering form, or by varying the spacing of turns. 
Fig. 4-13 shows these constructions; in a the spacing of the grid turns is 
uniform but they are of gradually increasing diameter, and in b they are 
of uniform diameter but have a gradually increasing spacing. A little 
thought will show that with either of these constructions the current will 
be cut off first from that part of the cathode where the grid u is highest; 
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hence with decreasing current, more and more of it comes though the 
grid with low u. In Fig. 4-14 this change in wu is indicated. 
In Fig. 4-15 are shown the forms of plate current for two triodes of 


nearly the same construction, 
the exception being the form of 
grid. The type ’24 has an 
ordinary uniform grid and prac- 
tically constant «; the type ’35 
tube has a variable u due to its 
grid construction. It is evident 
that for increasing negative bias 
on the grid of the ’35 tube 
the grid control of the plate 
current becomes increasingly 
less. 

4-16. Space Charge. — As 
normally used the plates of a 
triode draw over only a fraction 
(never more than half) of the 
electrons being evaporated from 
the filament. Many of the elec- 
trons which evaporate fall back 
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Fig. 4-12.—Plate current curves for a type 
45 triode, much used as the output tube 
of a broadcast receiver. 


again into the filament. The fact that the plate cannot ordinarily pull 
over all the electrons that evaporate is generally explained in terms of 
space charge. The evaporated electrons are crowded together in the 
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Fic. 4-13.—By using either of these con- 
structions, or similar ones, the amplifi- 0 
cation factor of the triode is made to 
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depend upon grid potential, always ia. 4-14.—Showing approximately the 
decreasing as the grid potential is made change in amplification factor in a modern 


more negative. 


“variable mu”’ tube. 


space immediately around the filament; those closest to the filament will 
evidently be pushed back into the filament by the repelling force of all 
the other electrons between them and the plate. Fig. 4-16 is an attempt 
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to picture this. Many of the electrons experience sufficient attractive 
force from the plate to be pulled over, but one near the filament, such as 
electron (a) of Fig. 4-16, experiences so strong a repelling force from the 
electrons between it and the plate that it is pushed back into the filament. 
If there were no such action all the electrons which evaporate would pass 
across to the plate even if this was at a very low positive potential. 

The electrons in the space between the filament and plate constitute 
the space charge of the triode; the reason why electron (a) of Fig. 4-16 
does not go across to the plate is that the space charge pushes it back to the 


is ie. 
re 3 8 E 
el g g 
a sig = 
7 rs te 
Oo 
eee aun iy! 
eraeeslele sie wis papules 
SoeeeSSSeue 3 
eae H & oo 
ee ee ee Va Pia : Fic. 4-16.—If there are sufficient 
ee BoBad VARIA electrons between the plate and 
ae a= a yA al filament, the lines of force from 
= 42536 S0me 241126) 0 the plate do not penetrate as 
Control grid bias volts far as the filament, thus leav- 
Fia. 4-15.—Showing the effect, on the ing some electrons near the fila- 
form of plate-current, grid-potential ment free from attraction by the 
curve, of the grid structure shown in plate; this is, of course, a very 
b of Fig. 4-13; with the exception of crude picture of the situation, 
the variable spacing of the grid wires because the lines of force have 
the two triodes had practically the no physical existence, being used 
same construction. merely to aid the imagination. 


filament. If the plate potential is increased it will overcome more of the 
space-charge effect and so more of the evaporated electrons will be pulled 
across, that is, the plate current is increased. In the triode as normally 
used many more electrons are evaporated than go across to the plate; 
the plate current 1s limited by the space charge. 

Now the grid is placed right in the space charge; if it is held at a nega- 
tive potential it will evidently assist the space charge (which is made up 
of negative electrons) in limiting the plate current. But if the grid is 
charged positively its positive charge will neutralize to some extent the 
space charge and so the plate current increases. This explains the control 
of the plate current by the grid potential, 7n terms of the space charge. 
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4-17. Equivalent Circuit of the Triode.—When used as an amplifier 
or detector the signal is impressed between the grid and filament; these 
are called the input terminals of the triode. This is indicated in Fig. 4-17, 
diagram a. The alternating signal voltage, e,, acting between the grid and 
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R 


Fluctuating 
current 


Alternating 
current 


I 
Ey 
(a) (0) 


Fria. 4-17.—A triode, connected as in a, is replaceable (for most purposes) by a diode 
as in b; in this arrangement the steady component of plate current is left entirely 
out of consideration. Its value merely determines the magnitude of the plate 
resistance, Rp. 


filament, makes the plate current increase and decrease, resulting in a 
fluctuating plate current. The triode can be replaced by a diode (diagram 
(b) of Fig. 4-17) in which an alternator is supposed to be in the plate circuit, 
between plate and filament, the voltage generated by this alternator being 
of the same frequency as e, (of (a)) but 
greater in magnitude than e, by an amount 


depending upon the triode’s amplification Rp 
constant, wu. That is, in the plate circuit 
we introduce the voltage  é. This voltage je, R 


acts in the plate circuit through two resist- 

ances, the resistance R, between the plate 

and filament of the triode, and the resist- [eles 

ance R which is in the external part of the E, 

plate circuit. The triode then reduces to pig 4-18—A still cunlee 
the simple circuit of Fig. 4-18, two resist- representation of the triode. 
ances in series, R and R,, and two voltages 

in series, the battery H, and the alternator we. The steady part of the 
plate current is given by H, and the fluctuating part by pv e. 

4-18. Plate-circuit Resistance. Variation with Voltage.—The resist- 
ance of the plate circuit of the triode is given by the relation between the 
current flowing to the plate from the filament, and the voltage between the 
plate and the filament. The grid is supposed to be at zero potential, that 
is, connected to the negative end of the filament. If the plate current is 
2 milliamperes when the plate voltage is 40 the plate-circuit resistance is 
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40 + 0.002 = 20,000 ohms. This is the resistance of the plate circuit 
for direct, or continuous, current. It is designated by op. 

If the resistance is measured for different values of plate voltage it will 
be found that the circuit does not 
act like an ordinary resistance. The 
higher the voltage, the lower is the 
resistance; in fact, the resistance 
varies inversely with the plate voltage 
as shown in Fig. 4-19. This tube 


= 
4 : a ie 
% was designed for a minimum plate 

2\4 |_| Points on Rp curve g 4 Z 
E -{ marked 2 are obtained |" 3 voltage of 22, so its normal resistance 

20 y dividing Ro, by the . 
Ry : Rop measured ine of 18 10,000 ohms or less. 

th i . ° ° 

5 ei ie The resistance of the plate circuit 
6 2 . 
3 \ for changes in plate current is much 

4 A . 
4 different from the resistance analyzed 
@ 2 fines 
e above. If we indicate small change 


10 


in plate voltage by AE, and the cor- 
responding change in plate current as 
AI, and the corresponding resistance 
R, we have 


AE, 

02468102468202 4 6 830246 8 40 iy = Ss = os (4-3) 
Plate voltage Al, 

Fig. 4-19.—Dependence of Rp and This alternating-current resist- 


Rop upon the plate voltage; Rp iS ance is only about one-half as much 

calculable from the values of Rop. : ; sige 

The yu of the triode is essentially con- as the resistance f.; it varies in the 

stant, with any reasonable value of Same way with the magnitude of the 

voltage used on the plate. plate voltage. 

The plate current of a tube varies 

with the plate voltage to the x power, as given in eq. (4-2), and it can be 
shown that 


Ry = gibi! sehen Ree tel ee eee a ee 


Now for ordinary tubes the exponent x is between 1.2 and 2, from which 
it follows that we have 


Ry 40 ey ee ee 


In Fig. 4-19 there is shown the curve of R, for comparison with the 
Ro» curve of the same tube. This curve of R, was measured experimentally 
at the points shown by the small circles; the points on the curve marked 
with a cross were obtained from the R,, curve by using eq. (4-4). 
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There is also shown in Fig. 4-19 the experimentally measured value of 
u, the amplification constant. Although this decreases with the lowest 
voltages shown on the curve, it is constant for voltages at which the tube 
was intended to be used. It is always assumed in vacuum-tube theory 
that » is a constant, and this curve shows that, at plate voltages above 22, 
for which the tube was designed, such is the fact. For the very low plate 
voltage 1» may change, sometimes increasing and sometimes decreasing, as 
it does in Fig. 4-19. 

4-19. Characteristics of Plate Circuit—To get the R,, from the manu- 
facturer’s data, the equivalent 


plate voltage, ie. (H, — wE.), is rt = cH 
first found. This voltage, divided Plate curtentiof | | 50 
by the plate current J,, gives the Deca ak Cee = i f a) 
resistance F,,, and this quantity, i a 
divided by the exponent z, gives id y - 
the alternating-current plate-cir- / | L rs 
cuit resistance R,. Now the value Ht z He 
of x for a tube can be found by a ‘i t ave : 
plotting the (ZH, — nH.) — I, curve e r . + a 
on logarithmic paper; if x is a con- | aa 

stant throughout the range of the 

curve, this plot will be a straight 

line and the slope of this line is } ee yee Ge me aa 


the value of x. Generally this Fig. 4-20.—The exponent expressing the 
logarithmic plot is somewhat relation between plate voltage and plate 
curved, as x is not the same for current can be determined by plotting 
low plate voltages as for high; a the curve on logarithmic cross-section 


: : _ paper; if the exponent is constant, the 
typical curve of a diode, on log curve plots as a straight line, the slope of 


arithmic paper, is shown in Fig. the line giving the exponent. 
4-20. 

As an illustration of the applicability of eq. (4-4) we first try the 201A 
tube. The slope of its logarithmic plot gives x = 2.1. The manufac- 
turer’s circular states H, = 90, H, =— 4.5, I, = 0.0025; » =8 and 


R, = 11,000 ohms. Now (E£, — uw.) = 54 volts, so Rp = ——— 
21,600 


ohms. We should then have R, = = 10,300, in fair agreement 


with the manufacturer’s value of 11,000. 

As another illustration we use the type ’45 tube. Its logarithmic plot 
gives for x a value of 1.20. The published data on this triode give H, = 
180, 250, 275; HE, = 34.5, 50, 56; I, =0.027, 0.034, 0.036; and R,= 
1,900, 1,750, and 1,670 ohms, respectively. The u of the tube is 3.5. 
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180 — (3.5 X 34.5) 
0.027 


For the first set of data h,, = = 2,180 ohms. Now 


2,180 
12 


= 1,810 ohms, agreeing quite well with the published value of 1,900. 


250 — (3.5 X 50) 
0.034 
divided by 1.2 gives 1,840 ohms to compare with the manufacturer’s 

value of 1,750. The third set of data agrees about as well. 


For the second set of data R,, = = 2,200, and this 


Problem 4-1. The type ’30 tube H, — I, characteristic, when plotted on logarithmic 
paper, results in a nearly straight line having a slope of 1.87. The manufacturer’s 
data state that, for Hp = 90, H, =— 4.5, Ip = 0.0018, u = 9.3, Rp = 13,000. Does 
the relationship of eq. (4-4) fit these data? 

90 — (4.5 & 9.3) 27,000 

We have Roy = 0.0018 = 27,000 ohms. Also 87 
This is not very good agreement with the manufacturer’s value of 13,000 but when it is 
considered that another manufacturer gives the plate current of this tube as 0.0025 
ampere, with all other conditions the same, we may regard the theory as more accurate 
than the manufacturer’s data sheet. 

Problem 4-2. The characteristic curve of a type ’27 triode, plotted on logarithmic 
cross-section paper, gives x a value of 1.31. The manufacturer’s data for this tube are 
Ey, = 90, 185, 180; EB, = 6, 9, 13.5; Ip = 0.0027, 0.0045, 0.0050; and R, = 11,000, 
9,000, and 9,000, respectively, the amplification factor being 9. Are theory and pub- 
lished data in accord? For the values of Ro» we get 13,300, 12,000, and 11,600, which 
divided by the value of x give for Rp, 10,100, 9,200, and 8,800 ohms, respectively, 
which agree well with the published data. 

Problem 4-3. A manufacturer’s catalogue gives as the characteristics of a type ’26 
triode, Ey = 90, E, = —6.0, Ip = 0.0038, » = 8.2, and R, = 3,600. Are the data 


= 14,500 ohms. 


’ 90 — (6 X 8.2 
consistent? Ro» = ——— = 10,800. If the manufacturer’s value of Rp is 
10,800 : 4 : 
correct, 7 = Panu’ 600 = 3. But no triodes of ordinary construction, such as the type ’26, 


can give such an exponent, so we are warranted in assuming that there is something 
wrong with the data. 
Problem 4-4. A type 845 tube is stated to have the characteristics: EH, = 1,000, 
Ip = 0.075, He =— 147, » = 5, and Rp, = 1,800 ohms. What is the relationship 
1,000 — (147 x 5) 


between its plate current and (Zp + wE.)? Rop = = hae. See 3,550 ohms, 
3,550 
soz = 1,800 = 1.97, so Ip = A(Ey + pwE,)'97. 


Problem 4-5. A type 849 triode has Hy = 3,000, Jp = 0.10, EF. = —132, u = 19, 
3,000 — (13219) 


and Ry = 3,200. What is the exponent of the 7) — E, curve? Rop = G0 


_ 5,000 _ 


25 000 chins 
oe beh ee onl) 


1.56. 


4-20. Grid-circuit Resistance. Variations with Grid Bias.—In Fig. 
4-21 is shown a simple receiving circuit using a triode for amplifier and 
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detector. It may be seen that the grid-filament circuit of the tube is in 
parallel with the tuning condenser. The resistance of this circuit is then 
extremely important; if it is not very high it will be practically impossible 
to tune the receiving circuit because a 
low resistance across the tuning con- 
denser will spoil the tuning qualities of 
the circuit. A resistance shunted across 
a condenser may be changed into an 
equivalent series resistance by the use of 
eq. (2-21). The circuit acts, so far as Receiving 
tuning is concerned, as though this a 
equivalent series resistance were actually 
in series with the coil or condenser of the DUE 
tuned circuit. Fia. 4-21.—The input circuit of 
Let us suppose the coil of Fig. 4-21 the triode (grid to filament) is 
has an inductance of 200 microhenrys in shunt with the tuning con- 
and that the tuning condenser has a maxi- denser, and may seriously affect 
mum capacity of 400 yuf and a mini- Pee uaier aye tined 
e z put circuit. 
mum capacity which, added to the stray 
capacity of the circuit, makes the minimum circuit capacity 45 uuf. 
At maximum capacity the circuit frequency is obtained from the rela- 


tion of eq. (2-6), f = 


aS and this gives 560 ke. At this frequency 
the coil resistance, using the results of Fig. 2-17, might be 3 ohms. 

At minimum capacity the resonant frequency is 1,670 ke, and at this 
frequency the coil resistance would be about 22 ohms. These values of 
resistance give the coil a power factor of about 3% at the lower frequency 
and 1% at the higher. These are reasonable values for good coils. 

Now let us suppose the grid-filament resistance of Fig. 4-21 is 100,000 
ohms. From eq. (2-21) the equivalent series resistance at the lower 
frequency, 560 ke, is 


Rs 


1012 


= = 5oh 
(27560,000 x 0.0004)2 x 100,000 °°" 


Therefore the circuit would tune as though its resistance was 3 ohms 
(coil) plus 5 ohms (condenser) = 8 ohms. That is, the effect of the grid- 
filament resistance has been to increase the resistance to almost three times 
that of the coil alone. This would make the tuning curve about three 
times as broad as it should be, that is, the selectivity would be only one- 
third as sharp as it should be. 

At the high frequency, 1,670 ke, similar calculation gives an equivalent 
series resistance for the condenser of 43 ohms. As the coil has a resistance 
of 22 ohms for this frequency the total circuit resistance is 65 ohms, and 
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this again is about three times the resistance of the coil. 
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So here also the 


selectivity of the circuit would be only one-third as good as it should be. 
From this one illustration it is seen at once that the resistance between 
the grid and filament must be kept very high if sharp tuning of the circuit 


is desired. 


If a so-called ‘ biasing ”’ voltage is used in the grid circuit, to maintain 
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Fie. 4—22.—Showing how the input con- 
ductance of a triode decreases (input 
resistance increases) as the grid is 
made more negative. 


the grid at an average potential 
negative with respect to the nega- 
tive end of the filament, the resist- 
ance of the input circuit of the 
triode is much increased. In Fig. 
4-22 there is shown the experi- 
mentally determined characteristic 
of the input circuit of a triode. The 
values are plotted in terms of 
input conductance, measured in 
micromhos. A conductance is the 
reciprocal of a resistance; if a circuit 
has one micromho of conductance 
its resistance is one million ohms. 


If its conductance is 5 micromhos its resistance is 200,000 ohms, ete. 


The triode measured in Fig. 4-22 


conductance with zero grid potential. 


input circuit resistance—about 
the same as we used in the fore- 
going problem. By putting a 
negative bias of 1 volt on the 
grid its input conductance is 
diminished to 0.2 micromho, 
which means an input resistance 
of 5 megohms. Assuming such 
an input resistance in the above 
problem, then, at 560 ke, the 
equivalent series resistance of the 
condenser would be 0.1 ohm and 
at 1,670 ke it would be 0.8 ohm. 
Both of these values are negligi- 
ble compared to the coil resist- 
ances of 3 ohms and 22 ohms, 


had 11 X 10~-® mho (11 micromhos) 
This corresponds to 90,000 ohms 


Fia. 4-23.—Two methods of holding the grid 


of a triode at a potential negative com- 
pared to that of the filament; in modern 
sets power is obtained from a rectified 
a-c power circuit and proper grid bias is 
obtained by connecting to a suitable point 
on the “‘bleeder”’ resistance (see Fig. 4-69). 


respectively, so that the input circuit would now have a negligible effect 


on the tuning of the set. 


This is one of the factors which accounts for 


the almost universal use of grid bias in tuned triode amplifiers. 
To get the grid bias, a small dry cell may be put in series with the input 


INPUT CIRCUIT CAPACITY 141 


circuit of the triode or a suitable connection is made to utilize some resist- 


ance drop in the filament circuit, or plate circuit, of the triode. 


In Fig. 


4-23 both of these schemes are indicated; in (a) a resistance, R, inserted 


in the negative side of the filament circuit 
makes the grid more negative than the most 
negative part of the filament by an amount 
equal to the filament current multiplied by the 
number of ohms in this resistance. In the 
scheme of (b) in Fig. 4-23, one cell of battery 
C serves to maintain the grid 1.5 volts negative 
with respect to its filament. Fig. 4-24 shows 
the measured value of resistance of the input 
circuit of a common type of triode, as a func- 
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tion of the grid bias. 


The input circuit of a triode may show 
negative resistance under certain conditions, and 


Fia. 4-24.—Variation of in- 
put circuit resistance of the 
type ’01A triode. 


it is this negative resistance which accounts for 
the spurious oscillations so frequently encountered in radio-frequency 


amplifiers using triodes. 


If the plate circuit of the triode contains in- 


ductive reactance, then, within certain limits depending upon the structure 
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Fig. 4-25.—Under certain conditions the 


input circuit of a triode shows negative 
resistance. 
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of the tube, this negative input 
resistance exists. Fig. 4-25 shows 
this effect for a 250-watt amplifier 
tube; instead of input circuit re- 
sistance, its conductance (that is, 
the reciprocal of the resistance) 
has been plotted. 

4-21. Input Circuit Capacity.— 
The very small electrostatic ca- 
pacity existing between grid and 
filament, and grid and plate, some- 
times is extremely important in 
determining the behavior of a 
In Table IV-I are given 
the capacities of typical triodes and 
tetrodes (four-electrode screen-grid 
tubes); these are the so-called 
geometrical capacities. When the 
triode is actually operating in an 
amplifier circuit, its input capacity 


may be very much greater than this geometrical value—how much greater 


depends upon the amount of amplification the triode is giving. 


In Fig. 


4-25 the dependence of this input circuit capacity upon the amount of 
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TABLE IV—I 


Type 
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load circuit reactance is well shown. This same increase in input capacity 
takes place even if the load circuit is purely resistive, but the negative 
input resistance occurs only when the load circuit is reactive. 

4-22. Transconductance.—In Fig. 4-17 we have indicated how the 
triode may be represented by an equivalent diode; the alternating voltage, 
é,, impressed on the grid filament of diagram (a) produces in the plate circuit 
a corresponding alternating current. As there is in addition to this alter- 
nating current the steady value of current produced by the B battery the 
actual plate-circuit current is a fluctuating direct current. But so far as 
amplification is concerned the steady component of plate current is of no 
service, so in diagram (b) of Fig. 4-17 this current is omitted and only the 
alternating component of the actual plate current is shown. 

In the analysis of Fig. 4-17 it was shown that the grid voltage, e,, is 
replaceable by an alternating voltage in the plate circuit. equal to wey. 
Now if the total resistance in the plate circuit is that inside the tube R, 
(that is, the external portion of the plate circuit has a negligible resistance) 
then it follows that 


LE, 
I, = - . (46 
=e (4-6) 
where J, = alternating current in plate circuit (effective); 
EH, = alternating voltage impressed on grid (effective); 
k, = alternating-current resistance of plate circuit. 
We can write this equation 
L 
I, = Ey X — = Ey X Sm (4-7) 5 
Rp 
\ P p,] Janet 


Cc l 7,7 , vi uf 
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sh l Up Wu)d/s Apri eng 2 
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in which s,, is called the conductance) of the triode. Formerly, this 


was called the mutual conductance of the triode, but this was not a very 
well-chosen term because the conductance is not a mutual one in the true 
sense of the word; nevertheless, it has come into wide use in the triode 
literature. 

In the average triode used today in radio receivers the transconductance 
is a few hundred micromhos, that is, 


one volt (alternating) impressed be- 40,0008 ace 800 
tween grid and filament will produce Hydmpiinahiaboraat] 
an alternating component in the plate 0,008 «6-4 i Dv 199 600 E 
circuit of a few hundred microam- a3 ; HA 2 
peres. 20,0003 E 4 Cvige} TTI 499 3 

In Fig. 4-26 are shown characteris- £4 aut UV 199] H 
ties of two of the small triodes which Ae ‘ Hr by ora see ret 200 3 
have had most extensive use in Ameri- Grid volts held at zer S 
can receiving sets. The amplification 
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of the 201A triode, at 100 volts, in the Plate voltage 
plate is (from the curve sheet) 8.1; the Fic. 4-26.—Characteristics, including 
alternating-current resistance of the  *@2sconductance (formerly called 
plate circuit is 9,800 ohms. Using eae conductance) of two ordinary 
then eq. (4-6), above, to find the alter- ess 
nating plate current when one volt of alternating emf is impressed on the 
input circuit 
ee | 

9,800 


lle 


i; = 825 microamperes 


And from the value of transconductance 825 micromhos at a plate voltage 
of 100, as read from the curve, we have, using eq. (4-7), 


I, = 1 X 825 X 10-6 = 825 microamperes 


This is the effective value of the alternating plate current, the maximum 
value “is 825 < 10-6 


-00116 amp. as 
: 1 x 4/2 = 0.00116 am- 
pere. 
005 amp. 100116 amp. The steady value 


of plate current (no 


pie F signal impressed on 
Fia. 4-27.—Possible form of plate current of a triode use the grid) for the 201A 


as an amplifier. : : 
P tube, with zero grid 


bias and 100 volts in the plate, would be about 0.005 ampere. The 
actual plate current therefore with one volt (effective) of alternating 
emf impressed on the input circuit would be as shown in Fig. 4-27. The 
dashed line shows the current in the plate circuit with no input signal, and 
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the full wavy line shows the plate circuit current with one volt (effective) 
on the input circuit. 

When an external resistance, F, is used in the plate circuit, the amount 
of alternating current produced by a given signal voltage is correspondingly 
cut down, according to the relation 


R, 
ae m . . . . . . 4-8 
I, Ey X 8m X Rk, ( ) 


The alternating-current power delivered to the load, R, is evidently equal 
toils he: 


Problem 4-6. A type’12A amplifier triode has a yu of 8.5, Rp of 5,000, and its trans- 
conductance is given as 1,700 micromhos. Do these data seem consistent? From eq. 
(4-7) Sm = »/Rp, which in this case is 8.5/5,000 = 1,700 » mhos. 

Problem 4-7. The ’45 triode has a y of 3.5 and R, of 1,900 ohms; what iss,? We 
have sm = u/Rp = 3.5/1,900 = 1,840 » mhos, which agrees with the manufacturer’s 
published value. 

Problem 4-8. If a signal voltage of 10 volts is put on the grid of a type ’45 triode 
how much alternating current flows in its plate circuit? We have J, = 10 X 1,840 X 
10° = 0.0184 ampere = 18.4 milliamperes. 

Problem 4-9. If a resistance of 2,000 ohms is put in the plate circuit of the above 
’45 tube, how much power is generated in it? The alternating current in the plate circuit 
is now given by Hy X Sm ae rig 10 X 1,840 x 10°- x aed = 0.00886, 
and the power (a-c) delivered to the external load is 0.008862 « 2,000 = 0.157 watt. 


4-23. Uses of the Triode. Detector, Amplifier, Oscillator, and Modu- 
lator.—The triode performs many roles in radio communication, in fact, 
the whole development of radio has taken place around the vacuum tube. 

As explained in Chapter III, radio communication must be accomplished 
by very high-frequency currents, otherwise practically no energy is radi- 
ated from the transmitter. These frequencies are far above the range 
audible to the human ear. The signal is carried by low-frequency variations 
in the amplitude of the high-frequency current; we need therefore at the 
receiving end of the radio channel a device which is responsive to high- 
frequency currents, and which will give a response corresponding to the 
variations of this current. The response will then be of audible frequency 
and if passed through telephone receiver will give the dots and dashes 
of a telegraphic code if such is being transmitted. Such a device, which 
gives a low-frequency response to a varying high-frequency current, is 
called a detector. It performs its function because of its rectifying qualities 
and is therefore suitably also called a rectifier. There are in use today two 
types of such rectifiers. Certain crystals, when in contact with a conduct- 
ing point, or with another crystal, will serve the purpose and have much 
application in the cheap receiving sets. The triode or diode, properly 
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connected, also performs the function, more efficiently and reliably than 
the crystal, and one of these is used as detector in every good radio set. 

The ordinary radio signal picked up by a small receiving antenna is 
100 microvolts or less. This very low-voltage, high-frequency signal 
must be amplified, or strengthened, before being supplied to the detector, 
because the detector functions very inefficiently for voltages less than 
perhaps 0.1 volt. This means that the radio-frequency signal picked up by 
the antenna must be greatly strengthened before being supplied to the 
detector. The power from the antenna is supplied to the input circuit of 
a triode; the output (fluctuations of plate current) of the triode is fed into 
the input circuit of another triode. This may be carried out for three or 
four steps, each step increasing the radio-frequency power by perhaps 
100 times. A triode used in this way, to increase the power available, is 
called an amplifier. 

In the early days of radio the high-frequency currents required were 
set up by oscillatory discharges of condensers, or by very special machines. 
But, even so, satisfactory currents of very high frequency could not be 
obtained. However a triode with circuits properly arranged and supplied 
with continuous-current power will generate alternating currents of 
practically any desired frequency. By suitably choosing the circuit 
constants the same triode will generate alternating current of any fre- 
quency from less than one cycle per second to 30 million or more cycles 
persecond. A triode so arranged that it transforms part of the continuous- 
current energy with which it is supplied into alternating-current energy is 
called an oscillator. A triode so used is the only known method of produc- 
ing currents, of unvarying amplitude, of frequencies higher than about 
500 ke. 

At the radio transmitting station triodes are used as oscillators to 
‘supply the high-frequency power to the antenna. Now to radiate an 
intelligible signal the amplitude (or frequency) of the radio-frequency 
antenna current must be changed according to a definite code. If the 
station is a broadcasting station, the antenna current must be varied in 
amplitude according to the musical note of an orchestra or possibly accord- 
ing to the sound waves of the human voice. This task, of taking the few 
microwatts of sound of the voice, and making it control the amplitude of 
the antenna current in accordance with the sound waves to be transmitted, 
is performed by a suitably arranged triode; when so functioning it is 
called a modulator. 

4-24. Need of a Rectifier in Radio.—To show the need of a detector, 
and how this must operate as a rectifier, we will consider the simplest type 
of radio signal, that sent out by a spark transmitter. As mentioned in 
Chapter III the received current in such a system consists of a series of 
damped, high-frequency currents. A typical form of current might be as 
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shown in Fig. 4-28. The time A, from one wave train to the next, may be 
from 0.005 to 0.0005 second; the duration, B, of the wave train may be 


Fic. 4-28.—Form of a spark-wave signal. 


from 0.00001 to 0.001 second; and the time of one cycle, C, may be from 
0.000001 to 0.00003 second. For one “ dot” of a telegraph signal there 
would be from fifty to two hundred of the wave 
trains. 

If such currents were to run through a tele- 
phone receiver the operator would receive no sig- 
nal, for two reasons; the diaphragm of the receiver 
could not appreciably oscillate at the high fre- 
quency (perhaps 1,000,000 cycles per second) of 
the received current, and even if it did, the human 
ear could detect no sound because the upper limit 
of audibility for the average adult is less than 
R 15,000 vibrations per second. 

If, however, there is a rectifying device in 
series with the telephone receiver, permitting cur- 
rent to flow in only one direction, then each wave 
train will give the telephone diaphragm one im- 
pulse. Thus, suppose the receiving antenna con- 
nected as in Fig. 4-29, the telephone receiver 7 is shunted by a con- 
denser C to permit the high-frequency current to flow in the antenna 
circuit without meeting the high impedance 
of the telephone. 

If the circuit were connected directly to voltage in fe 
ground without the rectifier R, conditions ieee 
would be as shown in Fig. 4-30, there would Antenna 101 Ilha. | 
be no diaphragm movement and hence no oe 
audible signal. On the other hand, if there  ™vement 
is in the antenna circuit a device R which 
carries current more readily in one direction 16. 4-30.—Showing why the 
than in the other (that is, a more or less per- _—- SP2TK signal gives no signal in 

: ae : the telephone receiver, with ne 
fect rectifier) the conditions will be as eS 
depicted in Fig. 4-31, and the diaphragm of 
the receiver will receive one impulse for each wave train. The result will 


Fig. 4-29.—The sim- 
plest possible form 
of receiving circuit. 
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be a vibration of the diaphragm at the wave train frequency, about 1,000 per 
second. Thus it is evident that a rectifier is necessary to permit the radio- 
frequency currents to give an audible sound. 

4-25. Triode as Detector.—The triode may be used as detector with, 
or without, a grid condenser (to be explained later). In Fig. 4-32 the 
triode is connected to a tuned receiving cir- 
cuit, to be used as detector without grid 
condenser. Such a triode is said to detect Induced |, 


voltage in 


by “plate rectification.” Although not remake 
shown in Fig. 4-32, a condenser is prac- 

tically always used in shunt with the Antenna {0 adiflan Ahan 
telephone to by-pass the high-frequency — piasmamn|o 

pulsations of plate current. =e | <_< 


As the grid potential goes up and down, Tee 
under the action of the radio signal, the ye. 4-31.—Action of the cir- 
plate current must increase and decrease cuit of Fig. 4-29 when rec- 
according to the characteristic of the triode tifier is used. 


(see Fig. 4-8). 

In a, Fig. 4-33, there is shown in the dashed curve the plate current 
of the triode of Fig. 4-32, as a function of the grid potential. As one of the 
wave trains of Fig. 4-30 is impressed on the grid, its potential follows the 
curve 1, 2, 3, 4...14, 15 of Fig. 4-33. Corresponding to.each potential 
on the grid a definite value of plate cur- 
rent must flow; the plate current is then 
given by the curve, 1’, 2’, 3’, 4’... 14’, 
15’. It can be seen from this curve that 
the increases in plate current, when the grid 
goes positive, are greater than are the de- 

= Leena creases in plate current when the grid goes 
circuit negative. This results in an average 
plate-circuit current as shown by the 
| dashed curve marked “average value 
: Pete ky 

ei aes 8 From this curve sheet it is seen that 
telephone is now actuated by one wave train of high-frequency voltage 
energy from the local battery, on the grid of Fig. 4-32 will produce a 
the antenna power acting on the ~~ somewhat similar high-frequency fluctua- 
ea ern eA CON. tion fa plate current. The high-fre- 

the telephone itself. ; : 
quency fluctuation, however, contains 
greater increases than decreases, resulting in the net increase shown by 
the dashed line. Hence the telephone receivers of Fig. 4-32 will receive 

one impulse of current for every high-frequency wave train on the grid. 
In diagram b of Fig. 4-33 are shown the changes in plate current as the 
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radio-frequency grid voltage is increased in equal steps. 
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The increments 


in average value of plate current, AJ,, vary nearly as the square of the 


amplitude of the grid voltage. 
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Fig. 4-33.—In a is shown the action of the triode of Fig. 4-32 in producing low-frequency 
pulses of current through the telephone receiver and in b is shown the variation 
of average plate current with amplitude of r-f signal on grid. 


This scheme of detection, depending upon asymmetrical changes in 
plate current, due to the form of the E,-J, curve, is called plate-circuit 
rectification or plate-circuit detection. 

By utilizing a somewhat different action of the triode called grid- 


Fic. 4-34.—When used with a grid 
condenser and grid leak resistance 
the triode is a more sensitive detector 
than when used as in Fig. 4-32. 


nected between the grid and filament circuit. 


circuit rectification, or grid detection, 
it is possible to obtain more efficient 
action as a detector. The triode is 
connected to the receiving circuit as 
shown in Fig. 4-34. Between the 
grid and receiving circuit there is a 
condenser C, generally about 200 wuf. 
Such use of a condenser would leave 
the grid electrically free; it would be 
insulated from all other parts of the 
circuit. Sucha “ floating ”’ or “free” 
grid would result in very erratic per- 
formance of the triode. To remedy 
this condition a high resistance, R, 
generally a megohm or more, is con- 
Such a high resistance per- 


mits the grid to change its average potential under the action of an 
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impressed signal, but after this has ceased to act the grid is constrained to 
return to its proper potential by the action of this grid-leak resistance, as 
it is called. 

The action of the grid condenser and grid leak is somewhat as follows: 
the signal voltage, acting on the grid through the condenser C (Fig. 4-34), 
makes the grid go alternately positive and negative with respect to the 
value it has when no signal is coming in. In Fig. 4-35 this is shown as the 


Steady state of 
plate and grid currents 
with signal impressed 


Loss due to plate } 
rectification 


curve 
ES ee a 
ie 
e i | 
tee ih Beene fs =) et IS ae 
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Grid current curve t iLea t 
cL ey = 


Average value of Zy Average value of 1, 
| \ Change in average grid current 
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Fig. 4-35.—Showing actual, and average, plate currents for two conditions, namely, 
start and end of the r-f signal, the amplitude of which is held constant. 


voltage E,,, slightly negative. The characteristic curves of the triode are 
shown by the two curves c, a, d, b and e, g, h, f. The former shows the 
current taken by the grid, as the grid potential is varied, and the latter 
shows the plate current as the grid potential is varied. 

We suppose that a sine-wave signal, of amplitude H, is impressed on 
the grid, marked “ signal (start).” With no signal coming in, the grid 
current was steady at the value J,,. With the signal voltage impressed on 
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the grid, a corresponding variation in grid current flows, shown in Fig. 4-35 
by the curve 7,. It can be seen that there is a much greater increase in grid 
current with positive signal voltage on the grid than there is decrease in grid 
current with negative signal voltage on the grid. Thus, there is, on the aver- 
age, an increase in the supply of electrons to the grid and so more electrons 
become stored on the plate A of condenser (Fig. 4-34). As more electrons 
become stored on plate A its potential goes down (electrons being negative 
charge) so there is a greater current through the grid leak &. Thus 
the potential of the grid is depressed by the signal to the value marked 
(on Fig. 4-35) H’,,. Then if the signal continues, the grid current is as 
represented by 7’, in Fig. 4-35 and the corresponding plate current is 
shown by 7’,. Now before the signal was impressed on the grid the plate 
current had the value shown on the plate-current curve at h. After the 
signal has depressed the grid potential to H’,, the average plate current 
corresponding is shown at g. 

The average plate current is somewhat larger than this value while 
the signal is acting because the curvature of the plate-current curve tends 
to give an increase in z,. Thus the actual average decrease in plate cur- 
rent is somewhat less than the difference of the values shown at h and g; 
the plate rectification tends to neutralize the grid rectification. However, 
the grid rectification predominates and there occurs an actual decrease 
in the average value of the plate current, as shown at AJ, in Fig. 4-35. 
If there were no plate rectification the decrease in average plate current 
would be as shown at A’J,. 

In the ordinary receiving triode, used as detector with no grid con- 
denser, the average plate current changes 1 microampere for a radio- 
frequency signal of about 0.2 volt whereas if suitable grid condenser and 
grid leak are used only one-third as much signal voltage is required for the 
same change in plate current. 

4-26. Detection of Modulated Signal—The audio-frequency incre- 
ment in plate current produced by an audio-frequency variation in the 
amplitude of the radio-frequency voltage impressed on the grid gives an 
audio-frequency voltage across the load in the plate circuit and this is 
passed along to the input circuit of the first audio-frequency amplifying 
tube. Naturally the greater the fluctuation in the radio-frequency signal 
the greater is the audio-frequency voltage produced in the plate circuit; 
if the impedance of the load is large compared to the tube plate-circuit 
resistance then this audio-frequency voltage across the load is approxi- 
mately expressed by the relation, 


uME,? 
Vv 


Eu = (4-9) 


in which H, = average value of radio-frequency voltage on grid; M = 
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fractional part by which the amplitude of this radio-frequency voltage 
varies at audio frequencies; v = the voltage detection coefficient, a 
characteristic of the tube depending upon the shape of its H,-J, curve and 
E,-I, curve. It lies between 0.25 volt and 0.50 volt for all the ordinary 
detector tubes. For example, it is 0.47 volt for type ’01A, 0.29 volt for 
26, 0.23 volt for ’27, 0.47 volt 
for *40, ete. 

Of course, if the load circuit Curve 1 
has an impedance low compared i 
to the plate-circuit resistance 
of the tube a correspondingly 
smaller fraction of the audio-fre- 
quency voltage generated by the 
detector action will appear across 
the load, more of it being used 
up as internal tube drop. The 
formula holds only for compara- 
tively low signal voltages, not 
more than a few tenths of a volt. 

In Fig. 4-36 are shown the 
results of some laboratory tests 
of the detector action of some of 
the common detector tubes. A 
grid condenser of 250 uyf and 
leak of 10° ohms was used and 
the signal was modulated (its 
amplitude varied above and be- 
low the average) 20%. The type 
’01A was tested for several values 
of modulation, as shown by the 


Modulation = 20% for 
full line curves 


A. F. volts across plate load 


Eg in volts 


Fie. 4-36.—Showing the a-f response for 
various triodes used as grid-rectifying 


dashed curves. detectors; the impressed r-f signal was 
4-27. Power Detection.—Al- modulated by an audio-frequency sine 
though the grid condenser and wave. The a-f response of the detectors 


ae ys is nearly proportional to the square of the 
10n 18S more 
leak scheme of detectio amplitude of the signal voltage. For the 


efficient than plate detection, it "701A tube the effect of various degrees of 
results in more signal distortion modulation ie shown. 
generally, and is seldom used in 
broadcast receiving sets. Plate detection is used, and the circuits are so 
arranged that there is not excessive distortion even if the grid signal volts 
are as much as 20 or 30; a circuit arranged so that it operates satisfac- 
torily with these large input signals is said to employ a “power 
detector.” 

In any scheme of detection the load circuit in the plate should be 
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shunted by a condenser which has a reasonably low reactance for the 
radio-frequency signal (not for the audio-frequency current). 

As mentioned before, in spite of the fact that the triode is a more 
efficient detector than the diode, it is a fact that practically all modern 
receiving sets use a diode for detector, with no plate battery at all; such 
use of the diode is shown in Figs. 7-21 and 7-36. 

4-28. Oscillograms of Detector Action.—In Fig. 4-37 there are shown 
oscillograph records of signal voltage, plate current, and current through 
the telephone, for a triode detecting with grid condenser and grid leak. 


Osciillolian Voltage of signal” 


____ $file, current 


Condenser “sted in 
Grid circeil 


egore: “chron 


LAL LLP LLAMA ALA 


Fie. 4-37.—Oscillogram to show action of triode as detector, using grid condenser 
and grid leak. 


Of course the circuit used in getting this record had frequencies much 
lower, with inductances and capacities much larger, than those used in 
actual radio circuits. This was necessary to permit the oscillograph 
vibrator to follow the fluctuations of current. 

From the record it can be seen that just as soon as the signal voltage 
ceases, the charge which has accumulated on plate A of condenser C 
(Fig. 4-34) leaks off, permitting the grid potential to increase again to its 
normal value, with a corresponding increase in the plate current. The 
rapidity with which the grid potential resumes its normal value depends 
upon the product of the values of leak resistance and grid-condenser 
capacity. If this product is too large the grid potential cannot change 
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rapidly and its detector action becomes imperfect. In Fig. 4-38 is shown 
the action of the same circuit as was used in getting the record of Fig. 4-37, 
after the resistance of the grid leak had been increased three times. It 
will be seen at once that it took the grid a much longer time to resume its 
normal potential after the signal had ceased. This action results in so- 
called frequency distortion of the detector, the higher audio frequencies 
being detected less efficiently than the lower ones. 

In both Fig. 4-33 and Fig. 4-35 it can be seen that the damped-wave 
signals impressed on the grid of the triode, used as a detector, give in the 
plate circuit one pulse in the plate current for each wave train of the signal 


a; 


Fig. 4-38.—Showing the change in action of the detector when the grid-leak resistance 
has been increased. 


and also that the plate current has high-frequency pulsations of the same 
frequency as the signal. These high-frequency pulsations would encounter 
tremendous impedance if they were forced to flow through the telephone 
receivers; it is the function of the condenser, generally shunted around 
the phones, to by-pass these high-frequency currents. The telephone 
current is then a direct current with smooth “ dips,” one dip for each wave 
train of the signal, as shown in the lower record of both Figs. 4-37 


and 4-38. 


Problem 4-10. A detector tube has » = 8, a voltage detection coefficient of 0.28, 
Ry = 12,000, and a 1-3 transformer in its plate circuit; the transformer acts as though 
its primary was a resistance of 28,000 ohms. A signal of 0.1 volt modulated 30% is 
impressed on the grid; how much a-f voltage appears across the input circuit of the 

2 
uME,? R xn 8 035601 28,000 Eos) wan -asa 
R+R, 0.28 40,000 


next tube? Hay = 
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appears across the primary, so there will be 0.06 x 3 = 0.18 volts impressed on the 
next tube. 

Problem 4-11. A detector tube has » = 6, v = 0.4, Rp = 25,000, and the primary 
of the transformer in the plate circuit has R = 22,000 and X = 36,000 ohms. A signal 
of 0.3 volt, modulated 20%, is impressed on its grid. How much voltage appears across 


6 x 0.2 X 0.3? _ V 22,000? + 36,000? _ 


the primary of the transformer? Hay = 0.4 * 577,002 + 36,0002 


0.195 volt. 


4-29. Triode as Amplifier.—In its role as amplifier the triode performs 
even more important service than when being used as detector; there are 
other devices which work reasonably well as detectors but there is no 
device of any kind that even approaches the triode as an amplifier. Small 
fluctuations in the grid potential produce changes in the plate current of 
much greater magnitude than if these grid voltages were introduced directly 
in the plate circuit; furthermore, if the grid potential is sufficiently nega- 
tive it accomplishes the control of the plate current with the consumption 
of practically no power in the grid circuit. 

The equation of current in the plate circuit was given in formula (4-2): 


I, = K(E, a uE,)” 


Thus the relation between plate current and grid potential (plate poten- 

tial held constant) is a curvilinear one, but, as is true of any smooth curve, 

if the plate current has only small fluctuations 

the relation between grid voltage and plate 

current may be considered a straight line, that 

is, the change in plate current is directly pro- 

R portional to the change in grid voltage, pro- 

Alternating Vided always that the change in plate current 

current is small compared to the actual magnitude of 

Fic. 4-39.—The triode to be Plate current. Thus if the plate current of a 

used as amplifier, is re- triode is 10 milliamperes, and an increase of 

placeable by a diode, pro- grid potential of 4 volts changes it to 11 milli- 

viding grid current and amperes, we may consider the change in plate 
eps Op a epee current small and hence conclude that a ch 

negligible. 4 ee 

in grid voltage of 1 volt will change the plate 

current by ¢ milliampere, or that a change of grid voltage of 2 volts 

would change the plate current by } milliampere. 

We now consider the triode replaced by an equivalent diode, in the 
plate circuit of which is introduced a voltage u times as great as the voltage 
impressed on the grid of the triode. This is done in Fig. 4-39 in which R 
represents the resistance in the external plate circuit and R, represents the 
alternating-current resistance of the plate circuit inside the triode. This 
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is, as shown in Fig. 4-19, practically one-half of the direct-current resistance 
of the plate circuit. 
By inspection of Fig. 4-389 we at once get the relation 


wl, 


iS ees — 
° Ry>+R Cou 


in which J, = effective value of alternating current in plate circuit; 
E, = effective value of alternating voltage on grid. 


Evidently the alternating voltage drop across the resistance R is 
available for repeating into another triode by proper connection. This 


voltage is 
R R 
TR = pE,-——— = B(. oa po kanes ~ 
aileron Ry + | {+ ere 
€ 1 pe ae ‘. | 
Qu. pie, Z Ak LAS A, hi 
Evidently the factor{a za ae Sich greater than unity, that is, 
Kis 


the output voltage of the triode is greater than the input voltage. It is 
thus a voltage amplifier; by making the external resistance R large com- 
pared to the internal resistance A, the actual amplification can be made 
almost equal to the amplification factor of the triode. 


Problem 4-12. A triode haying Ry = 8,000 has an external resistance in its plate 
circuit of 15,000 ohms. The uz is 8, and a signal of 15 volts is impressed on the input 
circuit which has a resistance of 500,000 ohms. How much is the total a-c power 
generated, how much is available in the external circuit, and what is the ratio of power 
output to power input? The equivalent plate circuit voltage is 8 X 15 = 120, and 
this acts in a circuit of 23,000 ohms, so J, = 120/23,000 = 0.0052 ampere. Total 
power = 0.0052? < 23,000 = 0.625 watt. Available power = 0.00522 x 15,000 = 0.406 
watt. Watts input = 15?/500,000 = 0.00045, so power amplification = 0.406/0.00045 
= 900. This is a power gain of nearly 30 db (see section 7-7). 

Problem 4-13. In the above problem what is the voltage amplification? Input 
voltage = 15; output voltage = 15,000 X 
0.0052 = 78; voltage amplification = 78/15 
= §.2. 


The external part of the plate cir- Rest 


cuit of a triode is generally made up 
differently if the signals to be ampli- 
fied are of radio frequency than if Fie. 4-40.—Normal arrangement of 

they are of audio frequency. For a one stage of tuned r-f amplifica- 

radio-frequency amplifier the circuit tion. 

is generally arranged as in Fig. 440. 

A coil Ly, of a few microhenrys, is coupled about 50% to another coil 
Lz of about 200 wh and a variable condenser C of about 400 wuf maxi- 
mum capacity. These values are suitable for the frequencies employed in 


OnE 
Ey 
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radio broadcasting. The fluctuations in plate current, 2,, through coil Li 
set up a voltage in the circuit L2-C, which is tuned to the desired fre- 
quency. In the ordinary radio-frequency amplifier the voltage across C 
will be about 10 times as great as the voltage impressed on the input cir- 
cuit. For frequencies not close to that for which the circuit is tuned 
the arrangement gives a voltage across C actually less than the input volt- 
age. It is thus a selective amplifier, magnifying the desired signal and 
elminating others. 


Problem 4-14. In Fig. 4-40 the first triode has » = 8, Rp = 6,000, Zi = 20 wh, and 
negligible resistance. The L,-C circuit has a total effective resistance (including 
input circuit of second triode) of 22 ohms; it is tuned to 1,200 ke. Ifa signal of 3 volts 
is impressed on the input circuit of the first triode, what is the voltage on the input circuit 
of the second triode, if the signal voltage is 1,200 ke? 1,300 ke? 1,500 kc? As the 
coupling of Z; and L, is 50%, M = 31.6 wh. Using eqs. (2-23) and (2-24), we find 


f QnfL QnfL Z x. Z M SB)? | See ae 
ke af Ly mfL2 InfCs 2 “2, wo Zo Za 2 
1,200 151 1,510 1,510 10) 22 238 15 ye 2,580 
1,300 164 1,640 1,400 240 241 258 £276 255 
1,500 199 1,890 1,210 680 680 298 0.192 4.2 
oM)\ 2 : ‘ = Power Tp Voltage 
Xo R’y x Z'y uEg to Ie QxfCo amplifica- 
Z2 2 I2C2 tion 
0 8,580 151 8,585 0.00279 | 0.0201 0.0302 45.8 15.3 
2,790 6,255 — 2626 6,780 0.00354 | 0.0032 0.0120 16.8 5.6 
130 6,004 +69 6,005 0.00400 | 0.000067 0.0017 2.05 0.67 


If the triode is to be used as an amplifier of audio frequencies it cannot 
well use a tuned output circuit. To 


amplify speech clearly, for example, all 
hee of the frequencies of the voice must be 
magnified in the same proportion. For 


circuit D 
sie truthful amplification of speech or 
orchestra music, therefore, the circuit 
Fia. 4-41.—Normal Ria of | must be arranged to give flat amplifica- 
one stage of a-f amplification; tion over the frequency range from 50 


such an amplifier is never tuned : : 
PN LU Dada Panam ait to 6,000 vibrations a second or more. 


frequencies be amplified equally he lower limit is needed for organ 
well. music and the upper one for the con- 
sonants of the voice. The circuit used 

is shown in Fig. 4-41. Aniron-core transformer is always used, with the 
two coils coupled as closely as possible. To amplify the low frequencies the 
coil Lz must have an inductance of 50 henrys or more. A step-up ratio of 
about 3 to 1 is permissible; this will give a secondary coil of about 500 
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henrys. If the secondary coil has more inductance than this the high fre- 
quencies are likely to be lost, through the internal capacity of the winding. 

In this type of amplifier it is very important that the grid of the triode, 
to which the voltage of the transformer is supplied, does not draw current. 
This means that the grid must not go positive, even when the signal is 
coming in. Soa battery EH. (called the C battery) is used; the voltage of this 
battery should be greater than the voltage of any signal the circuit will have to 
handle. 

4-30. Possible Output of an Amplifier Triode.—In general the last 
triode of an amplifier arrangement has to supply sufficient power to operate 
a loud-speaking telephone. ‘The other triodes of an amplifier have to 
handle comparatively little power so that their possible power output is 
of slight importance. 

The possible alternating-current power output of a triode is fixed by 
the product of the voltage used in its plate-circuit supply and the average 
value of the plate current. The theoretical limit of output is equal to 
half this product. Thus a triode with a plate-voltage supply of 300 and a 
plate current of 20 milliamperes has a limiting output of $ (800 X 0.02) 
=3 watts. 

But the quality of the signal supplied to the loud speaker with such an 
output would be very poor; it would be greatly distorted from the true 
signal. As some distortion is always present, even with small power 
outputs, the possible output of a triode depends altogether upon the 
allowable amount of distortion. Present practice specifies that the 
“ maximum undistorted power ”’ of a tube is reached when the total har- 
monics present in the output (pure sine wave excitation of input circuit 
assumed) shall equal 5% of the fundamental. The relation of this amount 
of power to the total power supplied to the plate can be seen from the 
following typical values. 


Maximum 
Input, watts | undistorted 
output, watts 


0.70 


0.78 


1.6 


2.0 


2.4 


4.6 
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The available output power of a triode is thus about one-fifth or less 
of the plate-circuit input power. 

4-31. Dynamic Characteristics of a Triode.—The curves for triodes, 
given in previous sections, represent the static characteristics of the tube; 
in Fig. 4-42 there is given a set of such curves for a type ’31 triode and in 
addition two lines which represent the dynamic characteristics of this 
same tube, for resistive loads. 

With 180 volts on the plate, and a grid bias of 30 volts, this tube draws 
a plate current of 0.0123 ampere, as shown by point C. Through C is 
drawn a straight line, ACB, making such an angle with the X-axis that its 
cotangent is equal to that load resistance for which the output of the tube 
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Fic. 4-42.—Showing how the nest of plate-current curves are used, in connection 
with a “‘load resistance line,” to calculate possible output of the triode used as a 
distortionless amplifier. 


is to be calculated. The cotangent of this angle is evidently (volts + 
amperes) which is, of course, a resistance. Various straight lines drawn 
through C, at different slopes, permit the action of the tube for various 
load resistances to be determined and so make it possible to predict what 
load resistance should be used to get maximum output with a fixed limit of 
distortion. 

The line BCA has a cotangent determined by (250 — 108) volts and 
0.025 ampere; but 142 volts divided by 0.025 ampere determines a resistance 
of 5,700 ohms (approximately) and this is the resistance recommended by 
the manufacturer to get maximum output from this tube without exceeding 
5% of second harmonic distortion. 

For this load resistance the voltage used in the plate circuit must be 
180 + (0.0123 X 5,700) = 250 volts; if a tuned load circuit (instead of 
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simple noninductive resistance) is used the voltage required in the plate 
circuit will be much less, approaching 180 volts as the d.c. drop in the load 
circuit is diminished. 

To prevent excessive distortion the grid of the amplifier must not 
swing positive, hence the grid excitation must not exceed 30 volts (peak 
value). When the signal is +380 volts the actual voltage on the grid is 
zero (point A of Fig. 4-42) and the plate current is 0.025 ampere and when 
the signal is —30 volts the actual voltage on the grid is —60 volts, and the 
plate current is 0.002 ampere. Thus the plate current fluctuates between 
0.025 ampere and 0.002 ampere, an increase of 0.0127 ampere and decrease 
of 0.0103 ampere from the normal value. 

With these values, the second harmonic distortion can be approxi- 
mately calculated from the relation 


Tse Tens 
wie pap b 
% second harmonic distortion = 7 7 xX 100 (4-12) 
For this case 
0.025 0.002 
ee 0.08 
Distortion = A Fos ee ooo os Ais x 100 = 5.2% 
0.025 — 0.002 = <9 


not much greater than the allowable value. 

Now the output is determined by (change in H,) X (change in /,), 
which two values are, for Fig. 4-42, (180 — 110) = 70 volts and 
0.025 — 0.002 

2 
and current changes (from their normal values) so the output is equal to 
70 0.0115 
V2 V3 
undistorted output of this tube as 0.375 watt. This value is obtained when 
the distortion is limited to 5%. 

If other values of load resistance are assumed, and similar calculations 
carried out it will be found that, for the same distortion, less output is 
obtained, hence 5,700 ohms is the best value of load resistance for this tube. 

In case only 135 volts are used on the plate with a 22.5 volt grid bias, 
the plate current is only 0.008 ampere. The best load resistance is now 
found to be 7,000 ohms (line EDF) and the maximum undistorted output 
is only 0.185 watt. 

If the load circuit has a power factor other than unity (a reactive load) 
the dynamic characteristic becomes an elliptical shaped figure, instead of a 
straight line; the possible output falls off as the power factor departs from 
unity. 


= 0.0115 ampere; these are the maximum values of voltage 


= 0.402 watt. The manufacturer rates the maximum 
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For the 180-volt plate circuit condition the input to the plate circuit 
(for resistive load) is equal to (250 volts & 0.0123 ampere) = 3.08 watts 
and as the maximum undistorted output is 0.375 watt we see that for this 
’31 triode the output is only about 12% of the input power. 

By using high voltage in the plate circuit, and high resistance for load, 
it is possible to get unexpectedly high voltage output from some of the 
comparatively small tubes. Thus a ’57 pentode with 250,000 ohms in its 
load resistor, may be used with 500 volts in the plate circuit. Used as a 
resistance coupled amplifier, this tube, repeating into another having an 
input circuit resistance not less than 0.5 megohm, can furnish an alter- 
nating voltage across its load of 300 volts (peak) with only 1% distortion. 
This output requires an input signal on the ’57 of less than 5 volts. 

4-32. Triode as Oscillator.—As explained in Section 3-3, it is necessary 
to use in the antenna of a radio transmitter very high-frequency currents, 
otherwise practically no power is radiated. For the large transoceanic 
radio telegraph stations frequencies from 15 ke to 40 ke are customary. 
Such frequencies can be generated reasonably well by rotating machinery. 
For ship radio sets, and for broadcasting purposes, frequencies from about 
200 ke to 1,500 ke are used, and, as mentioned in Chapter III, frequencies 
up to 30,000 ke are becoming of ever-increasing importance. For these 
higher frequencies (above 50 kc) 
the oscillating vacuum tube is most 
suitable, and furthermore this is 
practically the only means of get- 
ting this high-frequency power. 

The fact that the triode, sup- 
plied with continuous - current 
power in its plate circuit, may be 
arranged to generate alternating- 
current power seems to be credited 
to Deforest, who invented the 
triode itself. The simplest scheme 
for making the triode oscillate is 
shown in Fig. 4-43. The plate 
circuit of the triode consists of a coil 
L, having resistance Rz, shunted 
Fia. 4-43.—Circuit arranged to produce by a condenser C. In the grid cir- 

oscillations in the plate circuit. cuit there is a coil Ls which is 
magnetically coupled to the coil Ly. 

If Lz is coupled to L; sufficiently closely, and connected to the grid in 
the right direction (to be explained later), alternating current will be set 
up in the Z;—C circuit and will continue to flow as long as the filament and 
plate batteries last. 
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The frequency of the alternating current is the natural, or resonant, 
frequency of the circuit Li-R,-C. We know that this frequency is given 
by the relation 

1 


jie See 
2a Stal 


and it therefore appears that by properly choosing Z; and C the frequency 
may be anything desired. By using the circuit of Fig. 4-43 and properly 
choosing the coils and condenser, the same triode will generate frequencies 
anywhere from one per second to possibly 60,000,000 per second. Spe- 
cially constructed triodes have been made to generate considerable power 
at frequencies as high as 300,000,000 per second and small amounts of 
power (fraction of one watt) at ten times this frequency. 

Starting with very weak coupling between L; and Le it will be noticed 
that there is no current in the L:—C circuit (shown by reading of ammeter A) 
until the coils Z; and Lz reach a certain critical coupling. Here the circuit 
suddenly begins to oscillate, and develops a current in the oscillating cir- 
cuit many times larger than the plate current itself. The current in the 
oscillating circuit L;—-C is limited only by R, and Ly itself. As both of 
these are lowered the current in the oscillating circuit increases. A limit in 
diminution of ZL; is soon reached, however; if it is made too small the 
circuit will not oscillate at all. 

It may be found that no matter how closely Lz is coupled to LZ; no oscil- 
lations occur. This. indicates that Le is connected in the wrong direction. 
By either reversing the coil Lz, end for end, or leaving it as it is and inter- 
changing the grid and filament connections to it, the circuit will begin to 
oscillate. There are, of course, certain general considerations which must 
be satisfied. Thus Z; and Lz should be of about the same value, R, must 
be kept reasonably low, and the condenser C must be reasonably low com- 
pared to the coils used. This latter consideration will generally be satis- 
fied if the condenser capacity in micro-microfarads is not greater than the 
inductance of the coils in microhenrys. 

There are many other arrangements of coils and condensers which are 
used to produce oscillations; all of them operate in such a way that a 
change in plate-circuit current induces a voltage on the grid, and the 
polarity of the connections is always such that when the circuit is oscillating 
the grid potential goes up as the plate potential falls. That is, the phase 
of the alternating grid voltage must be 180° away from the phase of the 
alternating plate voltage. In Fig. 4-44 the oscillating circuit is connected 
to the grid; the coil Le, in the plate circuit, serves to excite the grid circuit 
and maintain the oscillations. This coil Zz, used in this way, is generally 
called the ‘ tickler ”’ coil. 

In Fig. 4-45 are shown two well-known schemes for producing oscilla- 
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tion. In (a) the oscillatory circuit is made up of the coils L; and Lz, in 
series with the condenser C. The condenser C; is also in the oscillating 
circuit but it is really a by-pass condenser around the B battery. Its 
capacity may be a microfarad whereas that of C will be only one-thousandth 
as much, so C; plays practically no 
part in fixing the frequency. 

In (b) of Fig. 4-45 the oscillating 
circuit consists of Cy and C2 in series, 
and the coil L. The arrangement is 
somewhat more complicated than the 
others, but is useful in certain trans- 
mitting circuits. The condenser C3 is 
an insulating condenser to keep the 
high positive potential of the plate 
from the grid. The grid being thus 
insulated from the rest of the circuit 
requires the leak resistance & to main- 
tain it ata proper potential. The coil 
Lz is a choke coil to prevent the 
radio-frequency power flowing through 
the B battery. It will be understood 


2) 


Fie. 445.—Two oscillatory circuits 

using the ‘“‘split coil,” and ‘split 

Fia. 4-44.—Circuit arranged to produce oscil- condenser,’ method of exciting 
lations in the grid circuit. oscillations. _ 


that except for very small power triodes the B battery is replaced by a 
high-voltage continuous-current machine, or a rectified alternating-current 
power supply. 

In the arrangement of (a), Fig. 4-45, the two coils LZ; and Le should be 
about equal; they are generally two insulated sections of the same solenoid. 
In (6) of Fig. 4-45 the two condensers C, and C2 should be about equal 
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and the condenser C3 should generally be several times as large. The coil 
Lz should have much more inductance than the coil L. 

The efficiency of the triode operating as an oscillator is from 25 to 
40% in the average case. This means that 25 or 40% of the power deliv- 


ered to the triode plate circuit by the 
B battery is changed into alternating-cur- 
rent power. Thus a small tube drawing 
0.06 ampere plate current from a 350-volt 
power supply is using 21 watts. Such a 
tube, when proper adjustments to its cir- 
cuit have been made, will generate about 
5 to 8 watts of alternating-current power. 

4-33. Heating of Plates——The elec- 
trons which evaporate from the filament 
and are pulled over to the plate by its 
positive potential attain enormous veloci- 
ties before they have traveled the short 
distance between them. Thus if the plate 
voltage is 22 (as it may be in a detector 
tube) the electrons, when they strike the 
plate, are moving at the rate of about 1,600 
miles per second, and in an amplifier tube 
using 100 volts on the plate the electrons 
hit the plate with a velocity about 3,500 
miles per second. In the larger power 
tubes, using 20,000 volts on the plate, the 
electrons, when they strike the plate, are 
moving with the inconceivable velocity of 
50,000 miles per second. 

When they strike the plate these rapidly 
moving electrons are suddenly stopped 
and give up their kinetic energy of motion 
to the plate. This energy appears in the 
plate as heat, in the larger tubes in very 
great amount. To prevent the destruction 
of the electrodes (grids and plates) by the 
heat it is necessary to make them of some 
refractory metal, such as tungsten or 
molybdenum. In some modern tubes the 


Dae 


Fia. 4-46.—By using a paper- 


thin edge to the heavy copper 
tube, this may be sealed, with 
a vacuum tight joint, to 
the glass tube. The copper. 
tube is used as the plate of the 
triode. Immersed in a tank 
through which water is cir- 
culated, it can dissipate many 
times as much power as the 
same size plate used inside 
the vacuum tube. 


plates are made of molded graphite; this material will radiate much more 
power (at a given temperature) than will any metal, and furthermore it is 
said to ‘‘ out-gas’’ much more readily. 

A small power tube such as is rated at 10 watts, or the somewhat 
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larger one rated at 50 watts, when operating as an oscillator, has developed 
on its plates as heat, energy at a rate about the same as its watt rating. 
The rate at which the electron bombardment develops heat on the plate 
can be calculated from the product of the plate voltage and plate current, 
if the tube is not oscillating. Thus a tube having 350 volts on its plate, 
and drawing from its plate-circuit power supply 60 milliamperes, develops 
heat on its plates at the rate of 350 x 0.06 = 21 watts. If the tube is 
oscillating, under average conditions of adjustment, the heating of the 
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Fia. 4-47.—A battery of water-cooled triodes used for trans-Atlantic radio telephony; 
each triode has a rating of 20 kw. 


plates is given by somewhat more than one-half the product of plate volts 
and plate current, read by continuous-current meters. 

4-34. Water-cooled Tubes.—In a large power tube the plate voltage 
may be 20,000 and the plate current 5 amperes. When this tube is oscillat- 
ing the heat developed on its plate is about 50 kw, and if it is not oscillating 
100 kw are being expended in heating the plate. Now as the plates of 
even the largest tubes have an area of only a few square inches (possibly 
100-200) it is evident that the plates cannot possibly carry off the great 
amount of heat by radiation and the slight conduction along the supporting 
wires. Even in the smaller tubes (5-250 watt rating) the plates glow a dull 
red when the tube is operating at rated power. Above these ratings the 
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heat sent off from the plates would be sufficient to melt the glass of the 
triode; other methods must be employed to carry the heat away from the 
plates. 

By making the tubes in the form shown conventionally in Fig. 4-46, 
the plate constitutes part of the wall of the triode. A heavy copper tube 
A, closed at its lower end, is drawn down to a feather edge along its upper 


Fria. 4-48.—Final step in the assembly of a 200-kw water-cooled triode; the two pieces 
of glass tube will be sealed together and the triode is then ready for evacuation. 


edge, B, and here is sealed on to the glass tube, C-C. The filament, F, 
consisting of one or more hair-pin loops of heavy tungsten wire, and sur- 
rounded by the spiral grid, G, is inside the copper tube. The tube A is 
then the plate and being thus constructed can be immersed in a tank of 
water for cooling purposes. A whole battery of such water-cooled triodes 
is shown in Fig. 4-47. Each triode is immersed in a small cylindrical tank, 
the ridge K (Fig. 4-46) resting on the top edge of the tank. Cooling water 
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is forced through these tanks and thus the plates are kept reasonably cool, 
in spite of the many kilowatts of power being expended on them. The 
group of triodes shown in Fig. 4-47 is used in a transatlantic radio telephone 
transmitting station. 

Fig. 4-48 shows the last step in the assembly of a 200-kw water-cooled 
triode; the two sections of glass tube are to be fused together and the tube 
is ready for the exhaust treatment. 

As the water supply is generally grounded and the plates, in contact 
with the water, are many thousand volts above ground potential the 
water is passed through a long rubber hose between the triodes and supply 
tank; furthermore, water free from dissolved salts must be used or else 
excessive leakage of current will occur from plate to ground. 

These large water-cooled triodes have automatic devices to cut off 
the power supply to the plates immedi- 
ately if the water supply fails or the 
temperature of the cooling water gets 
too high. 

4-35. Calculation of Oscillatory Cir- 
cuit.—If the characteristics of a triode 
are known it is possible to predict 
whether or not it will oscillate when 
connected to a specified circuit. In 
general, the derivation of the solution 
for the oscillatory condition requires the 
use of differential equations, but one or 
two typical cases will be discussed here 
Fic. 4-49.—With a circuit arranged Without trying to derive the solution. 

like this, a certain definite value In the arrangement of Fig. 449 let 
of M As required Mee produce the alternating resistance of the plate 
oscillations; the critical value of ‘ ; : : 
AE idcredseacas the resistances, CnC Ue tts and let the amplification 
or capacity in the oscillatory Constant of the triode be wu. As men- 
circuit is increased. tioned in Section 4-32, the coil Z2 must 
be arranged with proper polarity if 
oscillations are to be set up. If the circuit does not oscillate when L, 
and Lz are closely coupled the connections of Lz to grid and filament 
should be reversed. 

Having Zz thus connected with proper polarity, this circuit will oscillate 

if the relation is satisfied that 


1 
M>—(n+CRR) . . . . . . (13) 


This solution indicates that the higher the u of the tube the smaller is 
the required M to produce oscillations. If with oscillations set up, C or 
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R are increased, the oscillations may stop. Or if R, is increased by decreas- 
ing the plate voltage (see Section 4~18) the inequality (4-13) may not be 
satisfied so that decreasing the plate voltage of an oscillating triode may 
stop the oscillations. 

As an illustration let us suppose that, in Fig. 4-49, Le = 100 uh, 
Ly, = 200 uh, R = 40, C = 0.001 uf, » = 8, BH, = 300 and J, (continuous 
current) = 0.05. What coupling must be used between LZ; and Lez to 
produce oscillations? 

We first find R,. From Section 4-18, we know that R, is approxi- 
mately one-half the value of R., which in turn is the quotient of the voltage 
E, and current J, (continuous current). This gives R., = 6,000 ohms, 
then R, = 3,000 ohms. Then M must be greater than 


(200 X 10-6 + 0.001 X 10-® x 40 X 3,000) 


or 
M > 3(320 X 10-%) or M>40 uh 
and as 
eee 
V LyLe 
we have finally for the minimum coupling to produce oscillations 


40 
ey, 
V100 X 200 x 


Problem 4-15. A ’27 tube (u = 9) has Rp = 11,000 for #, = 90 and E, = 6, and 
R, = 9,000 for Hp = 135 and #, = 9. A tuned plate circuit has L = 175 wh, C = 220 puf, 
and R = 18. The grid coil has 60-uh inductance. With the higher plate voltage 
what coefficient of coupling is required to make the circuit oscillate? How much must 
the coupling be if the plate voltage is dropped to 90 (and bias properly changed)? 
M = 4(175 + 0.00022 x 18 X 9,000) = (175 + 35.6) = 23.3 wh. 

(Norse: By using ohms for R and R, the values of L, C, and M may all be used in 
micro-units and the equation will hold good.) 

23-3 


. = (eee 
V60 X 175 
M = 3(175 + 0.00022 x 18 X 11,000) = 24.2 uh andr = 23.6%. 
Problem 4-16. A 201A triode (u = 8, Rp = 10,000) has a tuned plate circuit of 
L = 125 wh and a condenser varying from 50 pyf to 400 uf. At the low-capacity setting 
the resistance of the tuned circuit is 126 ohms and at the larger capacity it is 8.5 ohms. 
If the grid-circuit coil has 40 uh how much coupling is required to produce oscillations 
at each end of the condenser scale? At low scale setting 


M = $(125 + 0.00005 X 126 x 10,000) = 23.5 uh, 


and for the other setting M = $(125 + 0.0004 X 8.5 X 10,000) = 19.9 wh. For small 


23.5 ’ 19.9 
= —=———_ = 33.2%, and for the large capacity 7 = ——=—= = 
V'40 X 125 V40 X 125 


= 22.7% coupling. For the lowered plate and grid volts we must have 


capacity, + 


28.1%. 
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Problem 4-17. A 210 triode (u = 8, Ry = 6,000) has a tuned plate circuit (so-called 
tank circuit) of L = 200 wh, R = 8, and C = 0.0005 pf. The grid coil has 35 wh. The 
maximum available coupling is 40%. To the tank circuit is coupled a tuned antenna 
having Ra = 24 ohms. What is the maximum permissible mutual inductance between 
antenna and tank circuit if oscillations are to be maintained? Maximum mutual in- 
ductance available = 0.44/35 « 200 = 33.6 wh. So we have 


33.6 = 4(200 + 0.0005 K & X 6,000), 


where R is the effective resistance of the tank circuit. We find R = 23 ohms. Now 

there is 8 ohms in the tank circuit itself, so the antenna may ‘‘reflect”’ (28 — 8) = 15 

ohms into the tank circuit. But the antenna is tuned, so, using eq. (2-23), the 
ae 

, 80 of” = 2415 or ow =19. As 


oM 


resistance reflected into the tank circuit is 
a 


10° 
QQ = SSS = 3,160,000 we have M = 
V200 x 0.0005 
19 
——_ =—6eh If : 2 
3,160,000 the mutual inductance be 


tween the tank and the antenna is adjusted for 
more than 6 wh the triode will stop oscillating. 


Let us now consider the case of Fig. 
4-50, where the oscillating circuit is in 
the grid. In this case the solution of the 
differential equation of the circuit yields 
the condition that, to produce oscilla- 
tions, we must have very nearly the re- 


Fig. 4-50.—In this arrangement lation 


the frequency of oscillations is j ula pla\? 
determined by the tuned circuit M > — — (=) — RR,IiC (4-14) 
connected to the grid; the coil 2 2 


LT is called the tickler coil. As If i , 
Ded mar aincreateds oie we now use the same coils and con- 


creased value of M is required to Genser as used for Fig. 4-49, as well as 
sustain the oscillations. the same triode, we find that M must be 
greater than 


8 X 200 X 10-6 
2 


8 X 200 x 10-8\2 
——-— ) — (40 X 3,000 x 200 x 10-® x 0.001 X 10-®) = 15 4h 


Then for the coupling to produce oscillations we shall have 
Sete an = 10 7% 
/ 300 K 100 


so that oscillations would occur more readily with the oscillating circuit 
connected to the grid than when connected to the plate. 


T= 
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Many other oscillatory circuits can be figured as were the two given 
above; more extensive texts should be consulted for other solutions. 


Problem 4-18. A 27 triode (u = 9, R, = 11,000) has a tuned circuit in the grid, 
consisting of L = 180 uh, R = 26 ohms, and C = 0.0012 uf. The tickler coil in the 
plate circuit is 50 uh and is coupled 30% to the grid circuit. Will the tickler produce 
oscillations? We must have M as large as 


uly L,\? 9 X 180 9 X 180\?2 
3 7" (=) — RRpL,C = —>— - a/( s ) — 26 X 11,000 x 180 x 0.0012 


= 810 — 771 = 39 uh. 


The maximum available M is 0.34/50 < 180 = 27.5 uh, which is not enough to produce 
oscillations. : 

Problem 4-19. With a type 845 tube (u = 5, Rp = 1,800) it is desired to generate 
a frequency of 25 cycles. Two coils, each of 0.6 henry, are available, the resistance of 
each being 11 ohms, and the maximum attainable coupling between them is 32%. 
With a tuned plate circuit set-up can oscillations be produced? The required capacity 
is 67.5 uf. We must have, at least, M = $(0.6 + 67.5 x 10-* x 11 X 1,800) = 
$(0.6 + 1.34) = 0.888 henry. As the maximum M available is 0.32 x 0.6 = 0.192 it 
is evident that this arrangement would not oscillate. 

Problem 4-20. What is the lowest frequency the above circuit would generate? 
By putting M = 0.192 in eq. (4-13) and solving for C we find C = 18.2 uf. With a 
coil of 0.6 henry this capacity would give a frequency of 48.2 cycles. 


4-36. How to Detect Oscillations.—In the circuit of a transmitting set 
the amount of alternating current being generated is indicated by am- 
meters, properly placed. Thus in the circuit of Fig. 4-49, if the ammeter 
A reads, there must be alternating current generated; the ammeter being 
directly in series with the condenser C could read only alternating current. 
If the ammeter were placed in the coil branch of the oscillating circuit, it 
would read even if the circuit were not oscillating, because the plate current 
flows through this branch of the circuit. In case the ammeter is in the 
coil branch and the circuit is oscillating, producing current of effective 
value J, and the steady component of the plate current is J, then the am- 


meter will read V/?+/,?. As J, is generally small compared to the 
alternating current this reading is practically the same as J. It follows 
then that the meter will give practically the same readings whether it is 
connected in the coil branch or the condenser branch of the circuit. 
Frequently a receiving set requires an oscillating triode; in such a case 
the oscillations cannot be detected by an ammeter because the amount of 
alternating current is altogether too small to be read on the ordinary 
ammeter. The oscillating receiving tube nearly always uses the circuit 
of Fig. 4-50; the amount of alternating current in the L;—C circuit may be 
less than a milliampere, so would require a delicate and expensive ammeter 
for measurement. In the receiving tube the amount of alternating current 
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generated is generally of little importance; the question to be determined 
is, merely, is it oscillating? 

To determine whether the circuit is oscillating a simple test suffices: 
There will generally be a telephone receiver in the plate circuit and its 
indications serve to answer the question. With the thumb touching the 
circuit at A, Fig. 4-50, that is, at the filament terminal, the finger is touched 
to B, that is the grid side of the oscillating circuit. If the circuit is oscillat- 
ing there will be a click in the phones when the finger is touched to B, and 
another click when it is removed. If no click is heard, the circuit is not 
oscillating. 

On commercial receivers using an oscillating detector tube, the “‘oscilla- 
tion test” is a small switch which short-circuits the tickler coil; this of 
course will stop the oscillations as the plate circuit must have appreciable 
inductive reactance to maintain oscillations. The short-circuiting switch 
is operated by a push button on the panel of the receiver. 

If the circuit is not oscillating it may be made to oscillate by increasing 
the coupling between the tickler coil Lz and the coil Zi. Of course, as has 
been stated before, Z2 must be coupled 
to L; with the right polarity. If one 
listens carefully as the coupling is in- 
creased a slight “ plucking’”’ sound may 
be heard in the phones, as the critical 
value of coupling is passed and oscilla- 
tions begin. This test for oscillations 
is not as reliable, for the unskilled lis- 
tener, as the finger test described above. 

4-37. Undesired Oscillations. — It 
very frequently happens that a triode, 
with its amplifying circuit, generates 
Fie. 4-51.—In this circuit the trans- ee bes = peace 

fer of energy from the plate cir- ea: 
cuit (the source of energy for ficient amplification (especially for 
oscillations is the B battery for radio-frequency amplification) the con- 
all these circuits) takes place ditions have accidentally been satisfied 
across condenser C; there is no for producing oscillations. In an ampli- 
magnetic coupling between Li fvi ‘ ; : : 
pide ying circuit not intended for oscilla- 
tions, the presence of such oscillations 
will generally manifest itself by the amplifier being almost “dead,” so far 
as amplification is concerned, as well as by disagreeable “ whistles ” and 
howls in the loud speaker. 

One circuit which has been much used for producing oscillations in a 
triode is shown in Fig. 4-51. The oscillatory circuit consists of L; and La 
in series with condenser C. Condenser C| is a by-pass condenser to permit 
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the high-frequency currents to find a low impedance path around the 
B battery. The feed-back of en- C 
<a gp 

ergy from plate to grid, which is rr 
required to maintain oscillations r 
in any circuit, is not magnetic as | 
it was in Figs. 4-49 and 4-50; the 
two coils LZ; and Le of Fig. 4-50 are 
not coupled together at all. But 
it will be seen that condenser C 
couples the plate to the grid, and 
it is the coupling furnished by this 


tl 
ee | 

a) 

a 
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condenser that permits the main- oe 
tenance of the oscillations. As the 
capacity of the coupling condenser 
C is diminished the coupling of the 
two circuits is also diminished, but 
if the coils Z; and Lz are of suitable 
inductance, and low resistance, it 
will be found that oscillatory cur- 
rents flowin plate and grid coils even 
after C has been completely removed. 

(2) 

M 
Ly 

Fia. 4-53.—Hither of these arrangements 

may be used to prevent the parasitic, 

undesired, oscillations which are gener- 

Fia. 4-52.—In such a circuit, if Li ally set up in such a circuit as Fig. 4-52. 

and Le are reasonably small, the In a the coil L;, coupled to the plate 

capacity between grid and plate coil Ly, and acting on the grid through 

of the triode itself is sufficient to condenser C, gives to the grid a voltage 

sustain oscillations as was done equal and opposite to that impressed 

in Fig. 4-50; for the above figure on it by the plate acting through con- 

the frequency of oscillations is denser Cygp. In b the location of coil 

high because the only condenser ZL; is changed but the action of the 

in the circuit, Cgp, has only a few circuit L;-C (the so-called neutralizing 


micro-microfarads of capacity. circuit) is the same. 
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The reason for such occurrence lies in the fact that even when C has 
been removed there is still some coupling capacity left in the circuit, 
namely that of the condenser formed by the grid and plate of the triode. 
In the average amplifier tube of today this grid-to-plate capacity is from 
5 to 10 uyf, and this 7s sufficient to maintain oscillations in the circuit made 
up of this capacity (inside the triode) with Z; and Lz in series. Such 
oscillations are undesired and interfere seriously with the performance of a 
radio-frequency amplifier. With the coils used in the average broadcast 
receiver, and the grid-plate capacity of the average triode, these spurious 
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Fig. 4-54.—To generate high frequencies, 
say above 30 megacycles, specially con- 
structed tubes must be used; the 
capacity between grid and plate must 
be kept low, and the grid and plate Fig. 4-55.—A small water-cooled tri- 


terminals kept far apart as is done in ode, designed for generating short 
this tube especially designed for short- waves; its grid-plate capacity is low 
wave generation. for this type of tube. 


oscillations (sometimes called parasitic oscillations) have a frequency of 
about 4,000 ke. 

4-38. Prevention of Parasitic Oscillations.—As these oscillations are 
caused by the capacity between the grid and plate of the triode, and as 
they use the grid-plate capacity as the condenser of their oscillatory 
circuit, there are at least two evident remedies. The first is to put a high 
resistance in the oscillatory circuit made up of Ly, Lz and C,, (Fig. 4-52). 
But this resistance must not be so placed in the circuit that it interferes 
with the normal performance of the amplifier in selecting one signal from 
another. Generally the grid coil LZ: of Fig. 4-52 forms part of the normal 
tuned circuit of the receiver and its resistance must be kept as low as 
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possible. The plate coil Z1, however, is practically never part of a tuned 
circuit, so its resistance may be increased 
many times without interfering with nor- 
mal tuning. Hence one remedy for 
parasitic oscillations is to make Ly; of 
very fine wire of some high-resistance 
alloy, such as Calido. 

Another remedy is to insert a high 
resistance (perhaps 1,000 ohms) in the 
grid connection, as at A in Fig. 4-52. 
The high-frequency oscillations will have 
to flow through such a resistance, and 
the amount of coupling offered by the 
grid-plate capacity is not sufficient to 
sustain oscillations through such a high resistance. Both eqs. (4-13) and 
(4-14), it will be noticed, show that higher coupling 
is required as the resistance of the oscillatory circuit 
is increased. 

Another method of preventing undesired oscil- 
lations is indicated in Fig. 4-53. An additional coil 
Lz is inserted in the circuit, and this coil is closely 
coupled to either Lz or Li. In (a) of Fig. 4-53 it is 
coupled to Zz. A condenser C is connected between 
the end of this coil Z3 and the grid. If the coil Ls 
is properly coupled to Lz and C is of suitable 
capacity then the L3—C combination will produce 
on the grid a voltage just equal and opposite to 
that produced by the L2—-C,, combination. Hence 
the two effects will just neutralize one another and 
no oscillations will occur. The condenser C is gen- 
erally made adjustable and is brought to its proper 
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Fre. 4-56.—Performance curves 
of the tube shown in Fig. 4-55. 


Fig. 4-57.—The mod- 
ern tube, if of low 


power, is nearly al- 
ways of the “‘heater”’ 
construction. The 
tungsten filament, 
F, threaded through 
the magnesia cylin- 
der, A, heats this 
and so heats the 
nickel cylinder cath- 
ode, B, which is 
always oxide coated 
to give high emis- 
sion at low tempera- 
ture. 


value after the set has been assembled. 

In (0) of Fig. 4-53 exactly the same principle is 
used as in (a), but here the extra coil L3 is closely 
coupled to the grid coil Z; and the capacity C is 
connected to the plate. Other combinations have 
also been used, but they all operate on the same 
principle, namely, the grid-plate coupling between 
the grid and plate circuits is offset, or neutralized, 
by another coupling effect of equal magnitude and 
opposite phase. 

4-38. Generation of Very Short Waves.—With 
ordinary triodes it is reasonably easy to generate 
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wavelengths as short as 30 meters (10,000 ke frequency), but the 
internal capacity of the triode itself becomes important when trying 
to get power at wavelengths shorter than this. It is especially important 
to keep the capacity between the grid and plate low; for this reason 
the grid and plate leads themselves are kept as far apart as possible. 
Fig. 4-54 shows a short-wave air-cooled triode; its grid, filament, and 
plate connections all come out at different parts of the tube, to keep their 
mutual capacity low, and the grid and plate themselves are made short. 
Fig. 4-55 shows a water-cooled tube designed for generating short waves; 
its performance is given in Fig. 4-56. It will be 
noticed that as wavelength goes down, optimum 
plate voltage, efficiency, and output rapidly drop. 
Recently * very small triodes have been con- 
structed which oscillate freely at a wavelength of 
40 cm; they are less than 1 in. in their largest 
dimensions, and the inter-electrode spacing is about 
0.01 in. Their characteristic curves, transconduct- 
ance, etc., are just about the same as those of the 
ordinary triode, but their internal capacities are 
very small, less than 1 wuf. It seems possible that 
with these tubes waves as short as 5 em may be 


Screen grid 
Control grid 
Cathode 


iN 
ty 


eo0000000000 
©000000000 
0000000000 
©20000000000 
~~ 
22000000000 


p-——————_—__—__. 


tm O0O0O0C000C000N0 


Plate 


Filament 


Fia. 4-58.—By the use 
of an extra grid, 


placed around the 
plate and connected 
to a suitable point 
of the plate circuit 
power supply, the 
effective grid-plate 
capacity (between 
plate and control 
grid) is nearly elim- 
inated. The extra 
grid is called the 
screen grid. 


generated. 

4-40. Use of Alternating Current for Heating 
Cathodes.—By employing a reasonably low-voltage 
filament (2.5 volts) it is possible to use alternating 
current for heating the filaments of amplifier tubes, 
without getting a pronounced hum from the 60-cycle 
power; the grid and plate returns to the filament 
must be to its electrically neutral point, generally 
accomplished by putting a resistance of a few ohms 
across the filament terminals, and having the grid 


and plate return to a sliding contact on this resist- 
ance. For the detector tube this simple expedient will not work, and 
it was not until separately heated cathodes (first made by the author 
in 1915) were introduced a few years ago, that alternating-current operated 
detector tubes were feasible. 

The modern construction (Fig. 4-57) uses a tungsten filament F 
threaded through two fine holes in a thin magnesia cylinder A, on which is 
crimped tightly a nickel cylinder B covered with electron-emitting oxides. 
The cathode connection C is then made to this oxide-covered cylinder 
and is therefore entirely free, electrically, from the alternating-current 
circuit used for heating. Up to the present time this type of cathode 

* Electronics, August, 1933, p. 214. 
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is used successfully only in low-power, low-voltage tubes; it cannot be 
evacuated as thoroughly as the filament type of cathode tube and so is 
not applicable to high-voltage, high-power tubes. 

4-41. The Screen-grid Tube.—Still another method of getting rid of 
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Fie. 4-60.—The static characteristics of the screen grid tube are entirely different 
from those of the ordinary triode; for certain low voltages in the plate the current 
to this electrode actually flows in the reverse direction. 


the undesired coupling effect between grid and plate of the ordinary triode 
is now available. It has been found possible to interpose another grid 
between the plate and normal grid of the tube and to connect this extra 
grid to the circuit in such a way that the capacity effect between the plate 


and normal grid is brought to practically zero. 


(See data on last four 
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tubes of Table IV-I, p. 142.) This extra grid is called the screen grid; its 
function is to screen the normal grid (or control grid as it is called) from 

the electrostatic effects of the 
iz ry plate. It takes the form of a fine 
H | f spiral of wire held in place be- 


~ 

mm ett 
<7 

nol 
wo 


ype 24 tetrode | tween the plate and control grid. 

ms tioned noe ‘i a To make its action more complete, 

i Bales s it has another spiral which is 

ed | placed outside the plate, as shown 


H in Fig. 4-58. The two spirals are 
| connected together and connected 
| to the “ screen-grid ” terminal of 
| the tube. This is no longer a 
- triode; it is called a four-electrode 
tube or tetrode. 
In more recent types the outer 
Fig. 4-61.—In so far as action of the con- poe Gane: ee ious ar 
trol grid is concerned the screen grid copper (or aluminum) can in which 


tube acts just like an ordinary triode. tubes are generally placed in 
modern receivers performs the 


function of the outer part of the screen grid. 
The normal connection of the screen-grid tube is shown in Fig. 4-59; the 
screen grid as shown there is connected to a suit- 
able point on the B battery. Because of this 
connection its potential with respect to ground 
cannot vary appreciably, and this prevents the put 
electric field of the plate “ reaching through ” 
and affecting the control grid. The screen-grid 
tube has a very high amplification constant and 
very high plate resistance, R,. The latter, 
instead of being about 10,000 ohms as it is in the 
ordinary triode, is more like 500,000 ohms. The 
characteristics of a screen-grid tetrode are shown 
in Figs. 4-60 and 4-61. By comparing the 
change in J, caused by a small change in E,, to 
the change in J, caused by a small change in grid 
bias, it will be appreciated that the amplifica- 
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Fig. 4-62.—The addition 
of another grid to the 
screen grid _ tetrode, 
making it a pentode, 
does away with the 
peculiar performance of 
that tetrode at low 
plate voltages. The 
extra grid, G3, placed 


tion constant is extremely high; it is generally 
several hundred. Because of this high y, circuits 
using this type of tube have a high voltage gain 
per stage, in spite of the fact that the load circuit 


next to the plate, is 
connected to the fila- 
ment and is called the 
suppression grid. 


can practically never be designed with enough resistance to match the tube 
resistance. The load circuit may have only one-tenth the resistance of the 
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tube, and yet the voltage gain per stage is much more than can be obtained 


with a triode. 


The working range of the screen-grid tube is limited; in 
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Fie. 4-63.—Characteristies of the tube shown in Fig. 4-62; such a pentode is used as 
the output tube of a radio set, it having a large possible output without much 


distortion. 


Fig. 4-60 the plate voltage must not fluctuate sufficiently to pass the line 


A-B, or excessive distortion will occur. 

4-42. Pentode.— The peculiar shape of the 
I,-E, curve of the screen-grid tube, in the region 
of lower E,, is caused by secondary emission of 
electrons from the plate itself. Electrons are 
“splashed ”’ out of the plate by those from the 
cathode striking it, and these “ splashed-out ”’ elec- 
trons leave the plate to go over to the screen grid. 
By adding still another grid to the tube, making 
it a pentode, this secondary emission effect is 
eliminated. The connection scheme of such a tube 
is shown in Fig. 4-62, and its characteristics are 
shown in Fig. 4-63. This then is a tube which does 
not inherently cause oscillations (as does the triode), 
has no bad effects from secondary emission (as has 
the screen-grid tetrode), and yet has a very high 
amplification constant and reasonably low plate- 
circuit resistance. The tube giving the character- 
istics of Fig. 4-63 had a yu of 85 and R, of 32,000. 


Fie. 4-64.—A modern 


multi-electrode tube, 
the duplex diode, 
triode. Valves Pi 
and P» are used for 
detector and volume 
control elements, the 
detector a-f output 
being supplied to the 
triode CGP. 


4-43. Multiple-function Tubes.—With the demand for very small 
compact receiving sets, the tube manufacturers attempted to meet the 
situation by constructing multiple-element tubes by which several func- 
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tions are carried out in one tube. It is impossible even to guess where a 
development of this kind may stop; it may be possible to carry out the 
performance of the present-day seven-tube set with only one or two tubes, 
if these are made sufficiently complex. As indicative of this trend there 


is the double diode triode shown in Fig. 4-64; one diode acts as a Fleming 


Fia. 4-65.—An oscilla- 


tor-converter, or os- 
cillator-mixer, tube. 
Grids 1 and 2, in 
conjunction with the 
cathode C, are used 
to sustain local os- 
cillations by a prop- 
erly arranged cir- 
cuit. An incoming 
signal is impressed 
on terminals C, G4, 
and P; this signal, 
using the electron 
stream which has 
already been made 
pulsating by the ac- 
tion of the local os- 
cillator, is made to 
generate the differ- 
ential frequency for 
supplying to an i-f 
amplifier connected 
to its plate circuit. 


valve detector, the other acts as an automatic 
volume control element, and the triode acts as an 
audio-frequency amplifier. In Fig. 4-65 there is 
indicated a tube having heater, cathode, five grids, 
and a plate; two of the grids are tied together to 
make a screen around one of the others. This 
special tube is for use in the superheterodyne type 
of receiving circuit; grids 1 and 2, in connection 
with the cathode and a tuned circuit, operate to 
generate oscillations of controllable frequency. The 
rest of the tube acts as a triode amplifier, the 
plate current of which, however, is subject to the 
high-frequency pulsations caused by the action of 
grids 1 and 2. It is sometimes referred to as an 
electron-coupled heterodyne detector, or oscillator- 
mixer, or pentagrid converter. (See Fig. 7-22.) 

4-44. Constancy of Frequency of Current in 
Oscillating Triode Circuit.—As stated when analyz- 
ing the circuits of Figs. 446 and 4-47, the fre- 
quency of the oscillations which occur (after the 
tube has been set into oscillation) is fixed by the 
L and C of the circuit. This is not quite true 
because the resistances of the grid and plate cir- 
cuits, as well as the amplification of the tube, have 
a slight effect on the frequency. It is evident, 
therefore, that any effect which influences these 
factors should affect the frequency of oscillation, 
and such is found to be the fact. A change in 
either the filament current or plate voltage will 
produce variation in frequency, the variations 
sometimes amounting to 1%, even without excessive 
changes in J; and £,. 


However, if batteries are used for filament and plate circuits and the 


set has been operating for an hour or two to get the batteries in a 
“steady ”’ condition, and to warm up coils and condensers as much as 
they are going to, the frequency stays remarkably constant. Thus in one 
such circuit the frequency of a 50-ke power set in the laboratory varied 
less than 5 cycles a second in 2 hours. In a smaller, 100-ke set, which 
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gave practically no drain on the batteries and did not appreciably heat the 
apparatus, the change in frequency was about 1 cycle per second in half 
an hour. 

4-45. Fixing Frequency by Piezo-electric Crystal.—There are certain 
crystals, notably quartz, tourmaline, and Rochelle salts, which show the 
phenomenon of piezo-electricity, or development of electric charge as a 
result of pressure. A suitably crystallized piece of Rochelle salts will 
show a difference of potential on two of its faces as high as several hundred 
volts, when vigorously twisted. A piece of quartz crystal, properly cut, 
will develop a few volts difference of potential between its opposite faces 
when squeezed. These crystals develop a charge when their shape is 
changed, and as the phenomenon is a reversible one, they change their 
shape when charged. 

This peculiar action makes it possible to control the frequency of oscilla- 
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Fia. 4-66.—An arrangement by which the small Fic. 4~67.—A ring-shaped piece of 


quartz disc is made to generate electrical quartz, cut from a crystal in the 
oscillations of the same frequency as the manner here indicated, has a 
natural frequency of the mechanical oscilla- natural period nearly independent 
tions of the disc. of temperature changes. 


tion of a triode by mechanical vibration of a piece of quartz. Quartz 
is, mechanically, a very perfect material; it is perfectly elastic, hav- 
ing almost no loss due to viscosity, and is affected but little by temper- 
ature, etc. A piece of quartz, started into mechanical oscillation by a blow, 
will vibrate for a very long time, when compared to steel and other rea- 
sonably elastic materials. This means that quartz requires but little 
energy to maintain it in mechanical oscillation. Weather conditions and 
temperature have practically no effect on the elastic properties of quartz, 
so that the natural period of a piece of quartz is nearly constant; certainly 
it is constant, under ordinary conditions, to a very small fraction of 1%. 

By its use the frequency of a comparatively cheap commercial trans- 
mitter is maintained to within 0.025% of its specified value, with no adjust- 
ments on the part of the operator. 
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In Fig. 4-66 is shown a common arrangement of circuit, quartz, and 
triode, for obtaining a standard frequency oscillator. A small piece of 
quartz, perhaps as big as a dime, is loosely held between two metal plates, 
A and B, forming a minute condenser. This piece of quartz will have a 
certain mechanical period of vibration, depending upon its thickness, and 
when the plate circuit is electrically tuned to approximately the same 
frequency as the mechanical frequency of the quartz the circuit will oscil- 
late quite violently. 

The tuning of the plate circuit is merely to facilitate the transfer of 
energy from the plate circuit (where the source of 
energy, the B battery, is located) to the grid circuit, 
not to set the frequency. There may be a con- 
siderable range of the variable condenser C which 
serves to sustain oscillations but it may be observed 
that as C is varied the frequency of oscillation does 
not vary at all. A small dry cell tube, with only 20 
volts in the plate circuit, will operate this circuit if 
the quartz disc is good, piezo-electrically. 

This scheme is much used nowadays for either 
checking, or setting, the frequency of a broadcast- 
ing station. If it is used only for checking station 


ei 
ew, 


V/)) 
| 


\\ 


Zi 


Fig. 4-68.—The life- 
saver rings of Fig. 
4-67 are mounted 


in a holder as shown 
here. The ring, d-d, 
fits loosely over the 
insulator block 06; 
the electrical con- 
nections for exciting 
oscillations are made 
to rings a, and the 
circular band e, of 
some insulating ma- 
terial, keeps dust 
and moisture away 
from the quartz. 


frequency, the beat note between the station and 
the quartz oscillator is observed; the frequency of 
this beat note is kept close to zero by adjusting the 
station circuit. If the quartz oscillator is used for 
setting the station frequency it is arranged actually 
to excite the grids of the big power tubes through 
a proper set of amplifying circuits; by exciting a 
5-watt tube from the small oscillator, a 50-watt tube 
from the 5-watt tube, and then a 500-watt tube 
from the 50-watt tube, etc., the small quartz oscil- 
lator actually sets the frequency of the 5-kw or 
50-kw power tubes of the station. 


The quartz oscillator has recently been used for checking the frequency 


standards of the several countries interested in radio; by using the quartz 
oscillator at constant temperature, and using constant voltage in the 
filament and plate circuits, an oscillator may be transported from one coun- 
try to another without changing its frequency by as much as 0.003%. 
Depending upon just how the plate is cut out of the quartz crystal, 
its thickness for a certain frequency of oscillation varies as much as 50%; 
with the average crystal, and the dise cut out parallel to one of the faces 
of the crystal, the wavelength generated by the circuit is from 140 to 150 
meters per millimeter thickness of the disc. If the dise is cut from a slab 
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which was cut out of the quartz crystal perpendicular to one of its faces 
the wavelength generated is from 100 to 110 meters per millimeter thick- 
ness of disc. Thus with the first method of cutting, an 1,800-ke disc is 
1.19 mm thick. Its thickness must not vary from one part to another by 
more than about 0.001 mm or else the dise will not set up oscillations in 
the triode circuit. This is because the different parts, of different thick- 
nesses, will try to oscillate at different frequencies. 

By using life-saver-shaped pieces of quartz cut from the erystal as 
indicated in Fig. 4-67 and mounted in a holder as shown in Fig. 4-68, and 
keeping the quartz in an oven controlled to within 0.1 C, it is possible to 
maintain a frequency constant to less than one part in a million! Even 
with no temperature control these ring-shaped quartz oscillators do not 
vary their frequency more than one part in 100,000. It is because of 
the present availability of these wonderful frequency standards that the 
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Fie. 4-69.—A circuit for getting proper plate and grid voltages from the a-c power 
supply. Small mica condensers are used across the rectifiers. 
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broadcasting stations are able to hold their frequencies to within 50 cycles 
of their specified values, a requirement set by the government. 

4-46. Power Supply for Plates and Grids.—Plate-circuit power, as 
well as grid bias, voltage is almost universally obtained by using hot- 
cathode mercury-vapor valves (p. 127) connected to give “full wave 
rectification’ of the 60-cycle 110-volt power supply, and passing this 
pulsating direct current through a suitable filter. The choke coils of the 
filter are built with laminated iron cores, generally with an air gap to 
prevent the current from saturating the iron; if this takes place the 
choking action of the coil in the ripples is practically zero. ‘The condensers 
of the filter are usually of the dry electrolytic type, of several microfarads 
each, and the coils have from 10 to 50 henrys of inductance. After being 
properly filtered the power is supplied across a resistance (sometimes 
called the ‘‘ bleeder ”’) which has several taps suitably placed. The scheme 
is shown in Fig. 4-69, which is for an ordinary broadcast receiver power 
supply. For transmitters the same scheme is used, but of course the volt- 
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ages are much higher; in the largest capacities the valves are operated 
from a three-phase power line, such a scheme resulting in less filter being 
required. 

By asuitable connection of two independent diodes, it is possible to obtain 
rectified power at a voltage nearly twice as great as the peak value of the 
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Fic. 4-70.—By means of two valves it is possible to get a rectified power supply of 
voltage nearly twice as great as the peak value of the alternating supply voltage; 
the two valves may be in the same tube. The scheme is said to be a “voltage - 
doubler.” 


supply voltage. Fig. 4-70 shows two schemes for doing this, one using 
two separate diodes and the other using a special tube which has the two 
independent diode circuits in the same bulb. Although an ingenious 
scheme, it is not a very important one, because of the ease with which the 
voltage of an a.c. power supply can be raised to any extent desired by 
means of a small, cheap, and efficient transformer. 


CHAPTER V 
RADIO TELEGRAPHY 


5-1. Code Used in Telegraphy.—Radio telegraphy is carried on by 
so operating the transmitting set that the receiving operator hears a series 
of dots and dashes. Various codes have been used, but the standard code 
today is known as Continental Morse. In this code a dash is equal in 
time to three dots; the interval between two elements of a letter is the 
length of a dot; the interval between letters in a word is equal in length to 
a dash, ete. A good operator can read well-sent code at the rate of from 
30 to 40 words a minute. 

Various abbreviations are utilized for the expressions commonly used, 
such as “‘ Wait,’ “Don’t understand,” ete. In the accompanying table 
are given the code signals for letters and numerals; the skilled operator 
must memorize a good many abbreviations as well as the signals given 
here: 
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5-2. Types of Telegraph Waves: Spark and Continuous.—There are 
in general two types of radio waves used in radio telegraphy. In one, 
called spark telegraphy or damped-wave telegraphy, groups of high-fre- 
quency waves are sent off from the transmitting antenna as long as the 
sending key is held down. The groups of waves follow one another in 
regular succession, generally about 1,000 per second. In the receiving 
circuit each group of waves gives one impulse to the telephone diaphragm, 
so that the diaphragm receives 1,000 pulls per second. This gives to the 
listening operator a musical note of 1,000 vibrations per second. The 
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number of impulses received by the diaphragm for a single dot or dash 
depends upon how rapidly the transmitting operator is sending the mes- 
sage; in ordinary sending the dot lasts for about 100 impulses. 

Spark telegraphy causes much more interference with other channels 
of communication than does that using continuous waves; it is being 
rapidly superseded (although perhaps half of the ships afloat today still 
use spark sets) by other types, and, by international agreement, spark sets 
must all be done away within the next five years. 

In continuous-wave telegraphy the transmitting antenna sends off 
high-frequency waves continuously, as long as the key is held down; 
the waves are not broken up into groups as they are in spark telegraphy. 
This type of signal requires special receiving apparatus; there is no action 
in the transmitter which permits the receiving operator to get a musical 
note. The note is obtained in the receiving set by producing interference, 
or “ beats,” between the received signal and a locally generated signal 
of nearly the same frequency as that being received. It is called the 
heterodyne method of reception. The continuous-wave scheme is evi- 
dently more complicated than the spark system, but it has the advantages 
that the operator can adjust the musical note in the telephone at will, 
and the receiver is more sensitive and selective than the spark receiver. 
Naval vessels, the better class of merchant ships, large transoceanic 
stations, and practically all amateurs today use continuous waves for 
their telegraphic communication. 

In another scheme, used to some extent, continuous waves are sent off 
in groups, there generally being about 500 groups per second; this is called 
interrupted continuous wave telegraphy, abbreviated ICW; its char- 

acteristics are intermediate to those 


“ Antema Of spark telegraphy and continuous 
r G 3 wave (CW) telegraphy. 
K = 5-3. The Spark Transmitter.— 
Ly 
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Le The arrangement of apparatus in a 
A simple spark transmitter is indi- 
cated in Fig. 5-1. A motor-driven 
alternating-current generator, G, 
generally of 500-cycle frequency, is 
connected through key, K, to primary of transformer, 7. The transmitting 
key, K, may be hand-operated on small sets, but is generally magnetically 
operated, the operator using a small key which actuates the magnetic key. 
The transformer, 7’, steps up the voltage of the generator from 110 to about 
20,000 volts. The capacity, C, is made up of mica condensers, or Leyden 
jars. On a 500-cycle set there are about 4 jars (each of 0.002-uf capacity) 
for each kilowatt rating of the transmitter. The operating voltage of the 
condenser is from 10,000 to 15,000 volts. 


Fie. 5-1.—Simple circuit arrangement of 
a spark transmitter. 
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The combination LZ,, Lz is a pair of co-axial spiral coils; if the set is 
to radiate a 600-meter wave (general in the merchant marine) these coils 
will have from five to fifteen turns each, of about 10-in. average diameter. 
One of the coils is mounted so that it is movable in the direction of its 
axis; this adjustment serves to vary the magnetic coupling. This com- 
bination of coils is called the oscillation transformer. 

Connected across the secondary of the transformer is the spark gap S. 
Many different types have been used in the past but today there are 
used only the synchronous rotating gap and the quenched gap. The spark 
gap breaks down when the condenser is charged to the proper voltage; 
when broken down it offers a low resistance to the discharge of condenser 
C through the inductance Z;. This discharge is oscillatory, of frequency 

1 
2rV/LiC 

The spark gap must not only offer low resistance to this oscillatory 
discharge, but after the oscillatory current ceases, must immediately 
recover its normal, high insulation. It must accomplish this change from 
low resistance to practically an open circuit in about one-millionth of a 
second. This requirement accounts for the special forms of gaps mentioned 
above. 

Referring again to Fig. 5-1, the variable inductance Lg is called the 
loading coil of the antenna. Its function is to tune the antenna circuit 
for the desired frequency. The am- STURT an al ole See 
meter A, of the hot wire or thermo- seeirigstsy vipa icone 
couple type, serves to show the amount Renewable stad 
of antenna current. 

In Fig. 5-2 there is shown the con- 
struction of asynchronous rotating gap. 
The spark passes through two gaps in 
series, from each stationary stud to 


fixed by the inductance and capacity, that is, f = 
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many studs on the rotating disc as  Fia. 5-2.—A synchronous rotating gap. 
there are poles on the generator, this 

form of gap gives as many discharges per second as there are alternations 
in the generator emf. The fan action of the rotating disc serves to keep 
the studs cool, this being necessary if the gap is to restore its insulation 
in the very short time mentioned above. 

In another form of spark gap, the quenched gap, the spark jumps 
through several short gaps in series. Each small gap is about 0.01 in. 
long, between the flat smooth faces of silver-coated copper discs, in a small 
air-tight chamber. The construction of such a gap is indicated in Fig. 5-3, 
which shows a cross-section of three discs and two sparking chambers. 
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These chambers are made practically air-tight by the semi-elastic insulating 
gaskets, which are tightly compressed by the copper discs. In Fig. 5-4 is 
shown a view of an assembled quenching gap; an extra gap section is 
shown with the size of the sparking surface indicated in dotted line. For 
a quenched gap to function properly two con- 
a a dene De ditions must be fulfilled: the gap must remain 
air-tight, and the coupling between the two coils 
of the oscillation transformer must be reasonably 

Copper or silver —_GJoge to its specified value. 

sparking surface 

5-4. How the Spark Transmitter Works.— 
Copper Element Referring again to Fig. 5-1 we will suppose that 
the generator is revolving at proper speed, with 
proper excitation. When the key K is closed, the 
high-voltage secondary of transformer 7’ starts to 
charge condenser C,, through inductance, Z;. When 
the condenser is charged to a certain voltage, depend- 
ing upon the length of the spark gap, this breaks down and a current of hun- 
dreds of amperes rushes through the gap. This high current produces a hot 


Cooling Flange 


Fie. 5-3.—Cross-section 
through three discs of 
a quenched gap. 


Fra. 5-4.—Appearance of a small quenched spark gap having about fifteen short gaps 
in series. Normally about ten of them are used, having altogether a breakdown 
voltage of 10 to 15 kilovolts, 


“fat” spark, of low resistance. As the oscillatory current, of frequency 


1 
equal to ————,, flows through Li it induces.a voltage in Le, thus starting 
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current in the antenna circuit; this circuit has been tuned to the L,C 
circuit, by adjusting Ls. 

As the current amplitude in the antenna (the open oscillatory current) 
increases, that of the closed oscillatory circuit, L,,C,S, diminishes, and in 
a few cycles is practically zero. At this time the gap should “ open” 
or ‘“‘ quench,” restoring its normal high resistance. The oscillatory current 
persists in the antenna for a length of time depending upon the frequency 
and decrement of the antenna circuit. The decrement (see p. 64) is equal 
to R/2fL, in which R is the total resistance, L is the total inductance of the 
antenna circuit, and f is the frequency of the current. For the average 
antenna the decrement is between 0.05 and 0.2. In the United States 
the value of 0.2 is fixed by law as the upper limit for the decrement of a 
ship’s antenna. 

When the amplitude of the oscillatory current in the antenna has 
decreased to 1% of its maximum value the wave train is regarded as 
ended. The number of cycles of current in the antenna before the current 
decreases to this value is given by the relation 


4646 
we 


N 


(5-1) 


in which 6 is the antenna decrement. Thus an antenna with a decrement 
of 0.15 would have about 32 cycles before the current amplitude decreased 
to 1 per cent. Such a current would look about like that in the upper 
oscillogram of Fig. 5-5; the oscillatory current in the lower part of this 
illustration shows a current having a decrement of about 0.8. 

When the generator, of Fig. 5-1, reverses its voltage and builds up 
in the opposite direction, the spark gap will again break down and there. 
will be in the antenna another current of the form of Fig. 5-5. Thus for 
each alternation of the generator a wave train of radiation is sent off, 
each wave train being what is called a “‘ damped sine wave.”” If the key K 
is held down for a dash of the telegraphic code (about 0.3 second) and the 
generator @ is a 500-cycle machine there will be sent off from the antenna 
0.3 < 500 X 2 = 300 wave trains of electromagnetic waves, each train 
having the form of the upper curve of Fig. 5-5. The currents set up in 
the receiving antenna will be quite similar in form to the currents in the 
transmitting antenna. 

5-5. The Spark-wave Receiver.—In Fig. 5-6 there is shown a simple 
receiving circuit for receiving spark-wave signals. The antenna A is con- 
nected to ground through the variable inductance L;; this inductance, in 
conjunction with the antenna capacity, serves to tune the antenna circuit 
to the frequency of the signal it is desired to receive. The closed tuned 
circuit, L2C, is also adjusted for resonance with the desired signal, that is, 
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it is tuned to the antenna circuit. The coils Z; and Lz are loosely coupled, 
generally not more than 10%. 

Around the condenser C is connected the telephone receiver P, in series 
with the rectifying device D (sometimes a crystal contact). If a triode is 
used as detector the circuits are connected as shown in Fig. 5-7. The 
function of the detector D of Fig. 5-6, and of the triode in Fig. 5-7, is to 
change the series of wave trains, of 
high-frequency current, which are 
tuned in the LC circuit, into a series 
of pulses of current in the telephone, 


the number of pulses of current per = 

second being equal to the number of S ©) A 
wave trains per second. That is, the S 3) 
detector changes a wave train, such as S 


that of Fig. 5-5, into one pulse of cur- 
rent in the telephone. 

In “picking up” a signal the 
coupling of Z; and Lz is made reason- 
ably tight, and both Z; and C are 
varied, keeping them at the proper relative values to keep the circuits 
approximately in tune with each other. When the signal is found 
it is likely that other signals also will be heard in the phones, giving inter- 
ference. To reduce the interference the coupling of LZ, and Lz is 
weakened as J; and C are constantly varied to keep the desired signal 
at its maximum strength. As this procedure is continued it will be found 


tL 
Fig. 5-6.—-Receiving circuit having 
a crystal as detector. 
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Fig. 5-7.—Receiving circuit having a triode as detector. 


that two results are attained. Interfering signals, of wavelength differ- 
ing from that of the desired signal, continually become weaker as the pro- 
cedure is carried out; the desired signal increases in intensity for a time, as 
the coupling is weakened (the circuits being continually tested to main- 
tain resonance with the desired signal), and then the signal falls off in 
strength. Maximum signal strength, with the ordinary crystal receiving 
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set and spark signal of ordinary decrement, will be obtained with 10 to 
20% coupling of LZ; and Lz. 

The “ best coupling ” will be weaker for the circuit using the triode 
detector than for that using the crystal detector. 

5-6. Comparison of Crystal Rectifier and Triode.—Almost any con- 
tact, between dissimilar conductors, rectifies to some extent, but to serve 
as the rectifier D, of Fig. 5-6, only certain crystal contacts are suitable. 
A sharp steel point, pressing lightly on Carborundum, galena, silicon, etc., 
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A good crystal detector should rectify well, i.e., give much more current 
when the signal voltage is in one direction than when in the other, should 
have a high resistance and should retain its sensitive condition in spite of 
mechanical jars, heavy signals, etc. In Fig. 5-8 is shown the character- 
istic curve of a rectifying contact between a needle point and a very good 
spot on a galena crystal. This curve is obtained by a continuous-current 
test; small adjustable voltages are impressed on the contact, in both direc- 
tions, and the corresponding current measured with a sensitive ammeter. 
It is evident that with 0.15 volt impressed the current is about six times 
as great in one direction as in the other. 

If an alternating voltage is impressed on such a contact, and the current 
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which flows is measured by a continuous-current meter (one of the type 
which does not indicate at all for alternating current) a direct indication 
of its rectifying properties is obtained. 

In Fig. 5-9 are shown three curves obtained in this way. Curve A 
shows the rectifying property of a galena crystal, and curves B and C 
show the action of a triode used as detector. Curve B shows the action 
of the triode when no grid condenser was used, and curve C shows the 
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Fie. 5-10.—Construction of the ordinary headphone; the diaphragm is very thin iron 
of good magnetic quality, and is very close to the ends of the soft iron pole pieces. 


action when suitable grid condenser and leak were used. Evidently the 
triode is more efficient than the crystal, especially when used with grid 
condenser and leak. The triode has the further advantage that its recti- 
fying properties are not spoiled by jarring or heavy signals. It has the 
disadvantage, however, of being more costly and requiring batteries for its 
operation. 

5-7. The Telephone Receiver.—The ordinary telephone receiver con- 
sists essentially of a thin iron dia- 
phragm, pulled inward at its center by 
two small magnetic poles which are 
very close to the diaphragm, these 
poles are energized by a small per- 
manent magnet. Around the poles, 
which are of soft iron, many thousand 
turns of fine wire are wound; when 
current flows through these windings Fa. 5-11.—The balanced armature, or 
the pull on the diaphragm is increased Baldwin, type of telephone receiver; 

; : the diaphragm is, of course, propor- 
or decreased, depending on the direc- tionally much larger than shown here. 
tion of the current. In one direction 
it assists the pull of the permanent magnet, and in the other direction it 
opposes the permanent magnet and thus diminishes the pull on the dia- 
phragm. The general construction of such a telephone is indicated in 
Fig. 5-10. 

In another type of telephone more sensitive than the foregoing, a mag- 
netically balanced iron armature is used, being so supported that it may 
rock; the construction is shown in Fig. 5-11. The armature is a thin iron 
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reed, perhaps 0.03 in. thick, 0.20 in. wide, and 0.75 in. long. The flux 
from the permanent magnet ordinarily goes directly through the armature, 
from the two south-pole pieces to the two north-pole pieces. But when 
there is current in the telephone winding the flux of the permanent magnet 
is urged to travel lengthwise through the armature, from one south pole to 
the diagonally opposite north pole. This redistribution of the flux results 
in a pull which rocks the armature, and as the tip of the armature is fast- 
ened to the center of the diaphragm by a short rigid rod, the diaphragm 
is forced to move in and out in accordance with the rocking motion of the 
armature. The diaphragm is, of course, proportionately much larger 
than it is shown in Fig. 5-9, and the pole pieces are fitted to the permanent 
magnet in somewhat different fashion; the figure is merely to show how 

the various parts function. 
This type of telephone receiver mechanism, in suitably enlarged form, 
: has been much used for 
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wave telegraphy (cw) and spark wave, or damped 


wave, telegraphy. per second is about 10,000 


ohms. At this frequency 
the power factor of a headphone is from 0.5 to 0.7. A well-built head- 
phone will give an easily readable signal (for a 1,000-cycle note) with a 
current of about 745 microampere; in a quiet room a current of 10-9 ampere 
gives an audible sound. This represents a power input to the telephone 
receiver of about 10~1!° watt or a sound output of something less than 
10-16 watt. 
6-8. The Continuous-wave Transmitter—The transmitter for con- 
tinuous-wave telegraphy is much simpler than the spark transmitter. 
A high-frequency generator of some kind is connected to the antenna 
(generally by mutual induction) and supplies the antenna with high- 
frequency current, of constant amplitude, as long as the key is depressed. 
The exact operation performed by the key depends upon the type of high- 
frequency generator used. 

Thus if a wave length of 1,000 meters (300 ke) is being used a dot, 
0.1 second long, would send out a continuous series of 300,000-cycle 
waves for 0.1 second. The dot would thus consist of 30,000 waves, all of 
the same amplitude. The difference between this type of telegraphy and 
spark telegraphy is conventionally illustrated in Fig. 5-12. The spark- 
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wave dot, for a 500-cycle set, would consist of 100 wave trains, each train 
consisting of from 25 to 50 high-frequency waves, which are of rapidly 
diminishing amplitude, the last one being only 1% of the amplitude of the 
first. The continuous wave dot consists of a high-frequency, constant- 
amplitude wave lasting for 0.1 second. 

5-9. Types of Generators for Con- 
tinuous-wave Transmitters.—F or the 
large transoceanic telegraph trans- 
mitters either an alternating-current 
generator, or an oscillating are, is used 
to excite the antenna. In America 
the inductor type of alternator is used, 
in a form originally designed by ee 
Fessenden and perfected by Alexan- Mesan fen £00NW aller na for a 
derson. These generators are made in - oo. 
sizes as high as 200 kw, to generate 
directly frequencies between 20 and 
30 ke. In Fig. 5-13 are shown several 
views of an Alexanderson alternator 
such as is used for transatlantic teleg- 
raphy. In this type of transmitter 
the operator’s key controls the field 
strength, generally through a train of 
relay keys. 

To get an appreciable power from 
these high-frequency alternators the 
antenna circuit, as well as the gene- 
rator circuit, must be accurately tuned 
to the generator frequency. If the 
antenna circuit is mistuned it takes 
from the generator only a small frac- 
tion of its normal power; taking 
advantage of this fact one method of 
transmitting has the antenna normally 
mistuned; when the operator closes Fic. 5-13.—Showing the construction 
his Key the antenna is ted to the gu malnton, srnmen 
generator (by changing its loading capacity; these have been used for 
inductance) and thus draws power and trans-oceanic telegraphy. 
radiates a signal. 

Most of our high-powered naval radio stations use a special form of 
are (called a Poulsen arc) to furnish the high-frequency power to the 
antenna. A continuous-current generator, of 750 to 1,000 volts rating, is 
connected through a high inductance to an are having carbon for one elec- 
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trode, and water-cooled copper for the other. The are burns in a hydrogen, 
or illuminating gas, atmosphere and is situated in a transverse magnetic 
field of suitable intensity. One side of the arc is connected to ground and 
the other side to the antenna loading coil. Such an arrangement will set 
up an alternating current in the antenna, its frequency being the resonant 
frequency of the antenna circuit. The carbon electrode must be slowly 
rotated, otherwise the arc length varies and the antenna current shows 
corresponding variations. 

Arc generators are most efficiently used at the longer wavelengths and 
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Fig. 5-14.—View of a 500-kw Poulsen are; over the operator’s head is the anode 
terminal and on the right is shown the pipe for carrying off the exhaust gases from 
the arc chamber. 


are therefore usually operated above 5,000 meters, and as high as 18,000 
meters. The capacities range from a few kilowatts to 1,000 kw; the 
ordinary arc station is of about 350-kw rating. In Fig. 5-14 is shown a view 
of a completely assembled Poulsen are of 500-kw rating. The are chamber is 
directly under the top yoke of the magnet frame; the large pipe going from 
the are chamber into the floor is to carry off the exhaust gas. The cylin- 
drical structure under the arc chamber is the magnet winding; the tip of 
the magnet pole extends into the are chamber, giving a vertically directed 
magnetic field, in which the horizontal are burns. About 300 kw is wasted 
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as heat in this are generator, so all parts have to be water-jacketed and 
cooled by circulating water. 

It takes an appreciable time to start an are generator and get it operat- 
ing steadily; it would therefore evidently be impossible to start and stop 
the arc oscillations for sending the dots and dashes of the telegraph code. 
The usual method of sending permits the arc to generate full power all the 
time; the dots and dashes are sent by transferring the arc from a dummy 
antenna to the actual antenna by means of a suitable key. A more wasteful 


method puts the are continually 
on the real antenna and sends by 
slightly changing the wavelength 
radiated; this change in wavelength 
is brought about by the operator’s 
key short-circuiting one turn of the 
antenna loading coil. The actual 
short-circuiting is done by a magnet- 
ically operated switch, the operator’s 
key serving to energize this magnetic 
relay. 

A somewhat simplified diagram 
of a small 2-kw are for a ship’s 
transmitter is shown in Fig. 5-15. 
The direct-current generator of 
about 300 volts rating feeds the 
copper-carbon are through the 
“blow-out ’? magnet coil. Across 
the are is shunted the antenna cir- 
cuit consisting of the antenna series 
condenser (with its shorting switch), 
the adjustable loading coil, a vari- 
ometer of one or two turns for fine 
wavelength adjustment, the mag- 
netically operated ‘‘back-shunt ” 


Compensation 
and chopper 
key 


Back shunt 


Chopper ’ 
magnetic key 


Key 


D. ©. power *— 
supply 


Fia. 5-15.—Are circuit such as is used 
in many ship sets today; the scheme of 
sending transfers the are power back 
and forth from the real antenna to a 
dummy, which has just the same elec- 
trical characteristics as the real one. 
The back-shunt switch must connect 
to the real antenna before it breaks 
contact with the dummy, and vice 
versa. The added resistance in either 
circuit is for use when decreased power 
is advisable. 


key, and a resistor (with its shorting switch) for reducing antenna power. 
Normally the are is connected to the dummy antenna. 
A single turn, coupled to the loading coil, is opened or closed by the 


hand key, and the chopper (a rotating high-speed switch for connecting or 
opening the compensating turn) may be used or not by means of its shunt- 
ing switch, when sending by wave length change. 

When using the straight and “‘back-shunt’’ method of sending signals, 
or when using the compensation wave scheme, the listening operator must 
have an oscillating triode in his receiving circuit to produce an audible 
beat note, but if the choppér is used the radiation is broken up into audible 
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groups similar to a spark set signal, so an ordinary receiving set can get 
the message. 

The back-shunt key must be so constructed that either the dummy 
or actual antenna is always connected to the are so that it maintains its 
oscillations; this means that the key is so constructed that one circuit is 
made before the other is broken. 

Are generators send out not only the frequency for which their circuits 
are designed but also many harmonics of this frequency. Thus a sensitive 
heterodyne receiver, adjusted to receive a frequency of 1,100 ke, may hear 
the signal sent out by a 100-ke are station. The receiver is picking up the 
11th harmonic of the are. 

The oscillating triode is of course another type of generator suitable 
for furnishing power for continuous-wave telegraphy. For the short waves, 
100 meters and less, this type of 


3 
generator is the only one available. ee ee Pe 
; sous 
There is no device, other than a ee : Songs 
* . . ; S & .« Q 4 = 
triode or similarly acting tube, Oe Re g 3 oe 
. A es. . ue Pa} - > 
which will generate frequencies #@ €# 2593 $2|z & s\é 83 
: se esSeat|se8le Bs Nf If 
of 3,000 ke and more, as is de- ys #252 s8/8 FS io | l| 
ded b h tel qasjbeseovla & a 
manade y short-wave teleg- SeeSof RS 8 
. A A > ass 
raphy. In time the triode will (8s: | | A 
undoubtedly displace both the . -— 
Alexanderson alternator and the \] | | HAI 
Poulsen are, for continuous- 


wave-transmitting purposes. UU | | 

In Fig. 5-16 is shown the HR AU) 
connection scheme of a modern 
commercial continuous-wave tele- Fie. 5-17.—Showing the frequencies and 
graph transmitter; it is crystal powers of the various stages of the trans- 
controlled and uses the “ fre- mitter of Fig. 5-16. 
quency doubling” scheme for 
getting power at 20,000 ke from a crystal oscillating at 2,500 ke. The 
sending key controls the bias of a couple of modulating triodes which 
properly increase or reduce to nearly zero the plate current of one of the 
train of amplifying tubes. In Fig. 5-17 are shown diagrammatically the 
frequency and power of the successive stages of amplification. 

In Fig. 5-18 is shown the connection scheme of radio telegraph sets 
such as are used for 100—500-watt ship transmitters; it uses a master oscil- 
lator (MO) and a power amplifier (PA) and so is frequently called a 
MOPA transmitter. A magnetic relay key serves to open and close 
contacts X; and X2 simultaneously, the one being in the antenna circuit 
and the other in the plate supply circuit (low potential end) of the three 


triodes. 
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5-10. Transmitter for Interrupted Continuous-wave Telegraphy.— 
From what has been said before it is evident that the frequency of radio 
currents is much too high for the human ear to detect. In spark telegraphy 
the detector is really a frequency changer; the radio-frequency currents 


Magnetic relay 
key closes 
both contacts 


+ 
High voltage 


Filament 
supply 


Fig. 5-18.—A ship’s telegraph set using tubes; it uses a master oscillator (M.O.) for 
exciting two amplifier tubes (the power amplifier) and is frequently called an 
MOPA circuit. 


come in groups and the detector enables the telephone receiver to respond 
to the group frequency. Now a continuous-wave signal has no group 
frequency of itself; the amplitude of the radio-frequency current is constant. 

If, however, the amplitude of the radio-frequency current is made to 


| Ly : Ls 
K 


Fig. 5-19.—The simplest possible tube circuit for sending out continuous wave signals. 


vary, at an audible frequency, then the detector will produce fluctuations 
in the telephone current corresponding to these variations in amplitude 
and hence yield an audible note. 

It is perfectly possible for the continuous-wave transmitter to send 
off the radio frequency in groups of, say, 500 per second. Then the 
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system acts practically as a spark-wave system and a spark-wave receiver 
will act just the same as though the transmitter used the spark system. 
The triode oscillator will produce continuous waves of this type if the 
power supply in the plate circuit is a 500-cycle alternator. The triode 
will oscillate, and so produce radio-frequency power, only when the plate 
is positive; hence in the negative alternation of the alternator no oscilla- 
tions are produced. Fig. 5-19 shows one embodiment of this scheme. The 
triode is arranged to oscillate, the plate circuit LiC forming the oscillatory 
circuit; the feed-back from plate to grid is given by the magnetic coupling 
between ZL; and Lz. The coil Ls couples the antenna to the oscillating 
circuit; either Ls or some other coil in the antenna circuit must be variable 
so that the antenna may be tuned to the frequency desired. 

The key, K, serves for signaling; when the key is open the grid (of a 
high-vacuum tube) will go highly negative, cut off the plate current, and 
so stop the oscillations. Such a scheme is not generally advisable, as it 
leaves a “ floating” grid and this is permissible only in a thoroughly 
evacuated tube. A battery of small dry cells, poled negative to the grid, 
in series with a resistance of about 10,000 ohms, may be connected from 
grid to filament, between points A—B of Fig. 5-19. Such a scheme will 
force the grid to go negative, when the key is open, by an amount equal 
to the voltage of the battery; with the key closed the battery would be 
short-circuited, but the high series resistance keeps the discharge current 
to a low, permissible value. 

Instead of using a B battery, or continuous-current generator, in the 
plate circuit, an alternator G is used, shunted by a by-pass condenser C. 
The triode oscillates only when the generator makes the plate positive, 
so that there are radiated from the antenna as many groups of radio- 
frequency waves per second as there are cycles per second of the alternator. 
The chopper, in the are circuit of Fig. 5-15, and that in the MOPA circuit 
of Fig. 5-18, both serve to bring about the same result. 

5-11. The Heterodyne, or Beat, Receiver.—If the continuous-wave 
signal coming into the receiving circuit is of constant amplitude, some 
kind of amplitude variation must be produced in the receiver before the 
signal becomes audible. This requisite amplitude variation is obtained 
by using an oscillating triode for the detector, and so adjusting the locally 
generated radio-frequency current that the difference in frequency between 
this and the incoming signal is in the audible range. The triode oscillator 
and detector are arranged as in Fig. 5-20. The tickler coil in the plate 
circuit sets up oscillations in the circuit of L;—L2—C, the frequency of which 
is controlled by the variable condenser. Signal current is also set up in 
this circuit by its coupling to the antenna, so the grid voltage is due to the 
combination of these two high-frequency currents. In Fig. 5-21 the various 
voltages and currents are indicated; it can be seen that the telephone 
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current (mean plate current) has a variation in amplitude of the same 
frequency as the “ beats ” in the “ resultant high-frequency current,” and 
this is why it is called the 
beat receiver. The note 
heard in the telephone 
is entirely under the con- 
trol of the operator; by 
changing the setting of 
the variable condenser 
only one or two divisions 
the note may be changed 
through the whole audible 
range. A small vernier 
condenser, in parallel 
with the main tuning con- 
Fic. 5-20.—An oscillatory triode circuit for receiving denser, is advisable in 

continuous wave signals; it is called the heterodyne, this type of receiver to 

or beat, receiver. This simple circuit has the dis- faejlitate the note-fre- 


advantage that the Z:-L.-C circuit cannot be 
tuned to the incoming signal. 


quency adjustment. The 
vernier condenser is 
merely a small variable condenser (of capacity perhaps 5% that of the 
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e . Fig. 5-22.—This beat receiver is better 
ternating 


Gompenent of RAR AY a than that of Fig. 5-20; a separate oscil- 

Plate Current lator generates the local signal so the 

Mean f receiving circuit can be tuned to the 

Cunmenen lo incoming signal. Also the amount 

of local oscillation introduced into the 

Fia. 5-21.—Showing the various cur- L,-L.-C circuit can be easily controlled 
rents in a heterodyne receiver. and this makes for best sensitivity. 


main tuning condenser) placed in parallel with the main tuning condenser. 
The use of such a vernier condenser makes it easy to vary the capacity of 
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the tuned circuit by very small amounts. The “ rough” tuning is done 
by the main condenser and the “ fine’ tuning by the vernier. 

It is evident that the receiving circuit (Li—L2—-C) of Fig. 5-20 cannot 
be tuned to the frequency of the signal because its frequency must differ 
from that of the signal by an amount equal to the desired beat frequency. 
Fig. 5-22 shows a scheme which avoids this difficulty; an auxiliary triode 
serves to generate the local oscillations, of the desired frequency, and the 
receiving circuit (Zi—L2-C) may be accurately tuned to the signal. If a 
four-grid tube is used (Fig. 4-65) the local oscillator is connected to grids 
1 and 2 and the signal circuit uses the other electrodes. 

5-12. Comparison of Spark and Continuous-wave Telegraphy.—For 
unskilled operators spark telegraphy is much more reliable than the con- 
tinuous-wave system. If the receiving circuit stops oscillating and the 
operator is not keen enough to notice it, no signal can possibly be received 
from a continuous-wave transmitter. The operator must be continually 
on the alert to see that his receiver is oscillating. And it is to be remem- 
bered (p. 166) that with conditions right for oscillations with one value of 
tuning condenser, setting the condenser for a larger value is quite likely 
to stop the oscillations. Thus with the tickler coil having a certain adjust- 
ment the receiving circuit may oscillate with any setting of the tuning 
condenser between 0 and 50 divisions and cease oscillating for larger 
values of capacity. Thus as the operator turns the tuning condenser, 
looking for signals, he cannot possibly pick up a signal between 50 and 
100 dial divisions of the condenser, as there is no possibility of a beat note 
in this range. 

Except for this one possible disadvantage the continuous-wave sys- 
tem is much superior to the spark system. The selectivity of the receiving 
set is much better, the operator can adjust the pitch of the signal to any 
note he likes, and the beat receiver is very much more sensitive than the 
spark receiver. Accurate analysis shows that for a triode detector receiv- 
ing a spark signal the telephone current (which gives the audible signal) 
decreases with the square of the signal strength (see Fig. 5-9), whereas if the 
same triode is being used as a beat receiver for a continuous-wave signal, 
the telephone current decreases with the first power of the signal strength. 
Thus, as the signal becomes weak the response of the spark receiver 
approaches inaudibility much faster than with the beat receiver. 

Because of its several points of superiority the continuous-wave system 
has displaced spark telegraphy in all services except the merchant marine 
and here also it is coming to the front. For short-wave telegraphy, now 
being developed so rapidly, continuous waves are always used. 

5-13. Amounts of Power Used.—The ordinary spark set on board 
ship has a 2-kw rating; the high-frequency power supplied to the antenna 
may be about one kilowatt or less. In the night time, in winter, such a 
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set may carry on communication over a thousand miles, but on a summer 
day it is good for only a hundred miles or so. In the semi-tropical regions, 
as the Gulf of Mexico, it may not furnish reliable communication for even 
50 miles. This is primarily due to the heavy atmospheric disturbances. 
For transatlantic telegraphy one or two hundred kilowatts are used and 
even then some “‘ repeats’ are necessary. In the more recent short-wave 
transmissions, a few kilowatts of power sometimes serve for communica- 
tion half way around the world. 

The present development of “ point-to-point ”’ telegraphy utilizes a 
directive antenna, acting much like a mirror, at both transmitter and 
receiver. For a given reliability of communication this mirror scheme 
reduces the required power to only a small percentage of what would be 
required if ordinary antennas were used at both transmitter and receiver. 
This so-called “‘ beam system ”’ permits commercially successful telegraphy, 
for thousands of miles, with only a few kilowatts of power, using wave- 
lengths of less than 50 meters. The mirror system can be used only with 
very short waves, because the size of mirror increases directly with the 
wavelength. The mirror consists of a series of free antennas, arranged in 
certain fashion around the excited antenna: The currents set up in them 
act in conjunction with the excited antenna, to send out radiation along a 
rather narrow beam, perhaps 30° wide. At the receiving end a somewhat 
similar set of antennas is used, the directive character of the antenna array 
serving to increase very greatly the “ signal to noise ”’ ratio over what it 
would be with an ordinary antenna. Thus a much higher useful amplifica- 
tion can be employed than would otherwise be the case. These directive 
receiving antennas are always carefully located where atmospheric and 
man-made static is a minimum. 


CHAPTER VI 
RADIO TELEPHONY 


6-1. Frequencies Used in Music and Speech.—Sound is a wave action 
which utilizes the air or some other elastic substance for its medium of 
travel. Radio waves travel even better in vacuum than in air, but sound 
waves are entirely impossible ina vacuum. Sound is a wave motion made 
up of successive compression zones and rarefaction zones following one an- 
other. In the case of “ noise’ the waves are not regular and periodic in their 
occurrence, but waves which give one the quality of pitch, or tone, are regular 
in their occurrence, and they follow one another in sufficiently rapid sequence. 
To be interpreted as a musical tone by the average listener there must be 
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Fig. 6-1—The various frequencies audible to the human ear, and the frequency 
ranges of various instruments and voices. (Courtesy of Electronics.) 


at least 50 complete waves per second. A complete wave consists of one 
zone of compression and one of rarefaction. A young child can hear a note 
when the frequency is as high as 20,000 waves a second, but in older people 
the upper threshold of hearing is much lower. Many people in middle age 
cannot hear a note as high as 10,000 vibrations per second, no matter how 
loudly it is sounded. 

Fig. 6-1 shows clearly what range of frequencies is required for various 
musical instruments and voices. 

It must not be thought that the waves of compression and rarefaction 
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represent any great variation from the normal air pressure. Thus normal 
air pressure is about 14.7 lb per sq in. In the range of voice frequencies, 
a sound of average intensity, such as the speaking voice of a person a few 
feet away, would consist of zones of increased and decreased air pressure 
of about 0.000001 lb per sq in. ,Thus in the pressure zone the air pressure 
would be 14.700001 Ib per sq in., and in the following rarefaction zone the 
pressure would be 14.699999 Ib per sq in. 

The pressure of the voice waves varies greatly with tne modulation of 
the voice, and even in the interval of one word may vary 100 to 1 as the 
voice formulates consonants or vowels. A brief summary of the principal 
characteristics of the voice shows that: 

(a) The frequencies encountered in human speech are within the range 
of 100 to 6,000 complete vibrations per second. 

(b) The energy contained in speech is carried almost completely by 
frequencies below 500, but the quality and intelligibility of speech are 
determined mostly by the frequencies above 500. 

(c) The average power output of the average normal voice is about 
75 ergs per second, or 7.5 microwatts. 

(d) The average male voice exerts a pressure of about 10 dynes per 
sq cm at a distance of 3 cm from the mouth of the speaker. (One dyne 
per square centimeter is about 0.00001 lb per sq in.) 

(e) The human ear can detect sounds, at a frequency of about 1,000 
cycles, if the sound pressure is as low as 0.001 dyne per sq em. If the 
pressure exceeds about 1,000 dynes per sq cm at this frequency the ear 
is practically paralyzed so far as sound is concerned and the sensation is 
one of feeling rather than hearing. 

(f) The ratio of peak power in the voice (accented syllable) to average 
is about 200 to 1. Thus an average voice of 10 microwatts power shows 
peaks, at the accented syllables, of 2,000 microwatts. 

6-2. Distribution of Energy in Speech.—Naturally any statements as 
to power of the voice, distribution of energy, etc., must be considered as 
qualitative, and average, only. Two people, using normal voice, may 
show a ratio of 10 to 1 in the power they use, and, of course, in general the 
male voice contains more energy than the female. Also, the distribution 
of the energy in the various frequencies of the voice varies greatly with 
the quality of voice. The consonants utilize the very high frequencies and, 
as casual observation shows, many people “ slide over ’”’ the consonants 
while others pronounce them clearly. 

In Fig. 6-2 is shown the energy distribution curve obtained as the 
average of 24 voices, male and female. It is clear that practically all of 
the ‘‘ body ” of the voice is made up of frequencies lower than 500 vibra- 
tions a second. In Fig. 6-3 is shown the response of the average ear, for 
the various frequencies. It is seen at once that the ear is most sensitive 
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for those frequencies having but little of the voice energy. However, the 
next section justifies such a frequency response for the ear. 

6-3. What Determines Intelligibility of Speech.—By means of suitable 

“apparatus it is possible to change voice waves into alternating electric 
currents, the frequency and 
form of which correspond 
exactly to the frequency 
and form of the pressure 
waves of sound. By means 
of so-called “ filters” it is 
possible to eliminate all of 
the frequencies in the elec- 
tric current above a given 
value; this modified current 
can then be reconverted into 
sound and this sound will 
differ from the original 0 500 1000 1500-2000 3000 4000 

, Frequency 
in that certain high fre- 
quencies have been elimi- 
nated. 

This distorted form of voice wave has been tested by the telephone 
engineers for its intelligibility, and so they have been enabled to tell 
just what frequencies in the voice are required for clarity of speech. In Fig. 
6-4 the results of their investigations are given, and by comparing this 


distribution of the 
ordinary speech voice 
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Fia. 6-2.—Distribution of energy in the average 
speaking voice. 
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Fig. 6-3.—Showing how the average ear responds throughout the audible-frequency 
range. 


curve with that of Fig. 6-2 it is seen that only a very small percentage of 
the energy of the voice contributes to intelligible expression; just what the 
function of the major part of the energy in the lower frequencies may be 
is yet to be determined. We know that it contributes to the “ natural- 
ness ”’ of the voice but that seems to be its only service. 
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6-4. The Microphone and Its Action.—The microphones used in radio 
today are generally of the carbon granule type; these microphones may 
use single or double cells of carbon granules, the latter being used almost 
exclusively in broadcasting stations. : 

The single-cell microphone has essentially the construction indicated in 
Fig. 6-5. It consists of an elastic diaphragm A mounted upon the rubber 
ring FF, which in turn is held against H, the diaphragm being mechanically 
connected to the carbon block B’; B’ is placed opposite another carbon 
block B in a chamber filled with small carbon granules C; this chamber is 
closed by means of the mica washer G and the insulating nut H. The two 
carbon blocks B and B’ form the two electrical terminals of the transmitter; 
the wall of the chamber containing the 
granules is covered with a strip of paper 
shown at D. 

If a source of emf is connected to B and 
B’ it will send current from plate B, through 


3 —— 
£ 
a 100 
3 A Lre anminates 
ce] % \, 338 
q Yo aoe 
a vi) NGo1 — so ST 
ov 
a %& eae 
Sy ES % 
B50 y . 
=) ot Seq. 
° SS OG, 
Ss Ae UF 
8 25 ay L225 
° y 2lo, 
5 A 
. 0 
0 600 1000 1500 2000 3000 4000 
; Frequency 


Fia. 6-4.—The intelligibility of the voice depends 
almost entirely upon the higher frequencies. 
If all the energy below 500 cycles is eliminated Fie. 6-5.—Construction of 
the speech is still 90 per cent intelligible, although the ordinary carbon gran- 
most of the energy has been taken away. ule microphone. 


the granules, to B’, or vice versa. On speaking into the transmitter the 
diaphragm is caused to vibrate, and these vibrations are mechanically 
transferred to the block B’ so that the latter’s pressure on the carbon 
granules is made to vary; this varies the resistance between B and B’ 
and hence it also varies the current in the circuit wherein the trans- 
mitter is connected. 

Such an arrangement is very sensitive to changes of pressure on the 
diaphragm; it is known as a microphone transmitter. The current carried 
by such a transmitter is very small because of the fact that a limit is soon 
reached where minute ares are developed between the granules, the contact 
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points of which become very hot and the transmitter becomes useless. 
The current-carrying capacity of an ordinary transmitter is about 0.1 
ampere, and the average resistance when not spoken into is from 50 to 
100 ohms, so that the power used in the granule chamber is about 1 watt. 

The maximum motion of the diaphragm of the ordinary microphone 
should not exceed 0.0001 in., otherwise the alternating-current output of 
the circuit will not resemble the sound pressure of the input. Thus if the 
sound pressure is a pure sine wave the fluctuation of current through the 
microphone will also be of sine-wave form if the to-and-fro motion does 
not exceed the value given; if this is very much exceeded the current 
wave will depart from its sine form, being distorted by the presence of 
both even and odd harmonies. The distortion becomes increasingly 
greater as the sound pressure increases in intensity. 

6-5. The Double- 
button Microphone.— 
By using two cells of 
carbon granules and 
making connections as 
shown in Fig. 6-6 some 
of the defects of the 
single-cell microphone 
are done away with. As yg. 6-6.—The double-button carbon microphone. 
shown in Fig. 6-6 this The diaphragm is of duralumin; each granule cham- 
microphone consists of a ber has a volume of 0.06 ce and contains about 
diaphragm stretched be- 3,000 grains of carbon made from anthracite coal. 
Patan thetwn cisaabors The granules have such size that they pass a 
5a 60-mesh sieve and are caught by an 80-mesh one. 
containing the carbon Each cell draws an average current of 0.025 ampere, 
granules. Evidently a and has about 200 ohms resistance. 
sound wave which in- 
creases the pressure in one chamber will decrease it in the other, so that 
the current in one side decreases as that in the other increases. This 
idea of combining an increasing effect with a corresponding decreasing 
effect has been much used in radio; it goes by the name “ push-pull.” 
By using such apparatus the distortions due to even harmonics are 
eliminated. 

To utilize the effect of the double-cell microphone a special trans- 
former must be used, having a split primary. It will be seen by following 
the directions of windings and current that the opposing effects in the two 
cells do not balance out, but add together in the transformer. Thus the 
voltage induced in the secondary winding is twice as much as would be 
given by only one side of the microphone and is much more free from dis- 
tortion than the single-cell microphone would be. Furthermore, the 
steady value of current flowing through the microphone does not mag- 
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netize the core of the transformer at all; the magnetizing effects of the 
two halves of the primary winding just neutralize one another. It is only 
the change in currents I, and Iz that produces flux in the core and hence 
voltage in the secondary coil. 

It will furthermore be noticed that change in voltage of the battery 
has but little effect on the secondary voltage; such a change affects both 
I, and Iz equally, so the circuit remains balanced whatever EH may become. 

The diaphragm is very tightly stretched, and placed a very short dis- 
tance from a flat metal plate. The stretching makes the natural period 
7 very high, and placing the 

diaphragm close to the 
metal plate gives a high 
damping effect. Both of 
these features of construc- 
tion reduce the sensitive- 
ness of the microphone 
so that more amplification 
must be used, and, of 
course, amplification itself 

c brings in some distortion. 

The engineer has to 
sfafofof iafih 

Hick voltdes balance these two effects. 
battery Even at the cost of a more 
Fic. 6-7.—The condenser microphone permits more complicated and expensive 
faithful voice reproduction but is more difficult amplifier it is found that 

to maintain than the carbon granule type. Because . j : 
of its high impedance its output would be short it pays to make the are 
circuited by an attached cable; it is therefore neces- phone very insensitive with 
sary to connect it to the high impedance input cir- the accompanying features 
cuit of a triode, right in the microphone case. of faithful reproduction. 


The output circuit of the triode, through a proper The microphone in general 
transformer, has the right impedance to use with ; : 
use in broadcasting sta- 


ordinary telephone circuits. : : 
tions is but a small frac- 
tion as sensitive as the one used in common telephone circuits. 

The microphone for use in radio transmitting circuits is always hung 
upon a spring suspension, so that floor and other vibrations do not disturb 
it. As ordinarily used this type of microphone gives in the secondary of 
the transformer about 5 millivolts for a sound-wave pressure of 1 dyne 
per sq cm; this is the pressure produced by the speaking voice about 6 in. 
from the mouth. 

6-6. The Condenser Microphone.—This is probably the most perfect 
microphone used in telephony today, but it is somewhat troublesome to 
maintain. Its construction and method of use are illustrated simply in 
Fig. 6-7. Close to a heavy steel plate A is mounted a very thin, tightly 


Thin, stretched 
diaphragm 
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stretched steel diaphragm B. As B is well insulated from A the pair form 
a small condenser with some inert gas, such as nitrogen, for dielectric. 
The capacity of the condenser is small, being measured in a few micro- 
microfarads. A battery, H, of several hundred volts in series with a high 
resistance fh serves to charge the condenser. The drop across R is 
impressed on the input circuit of a triode, the normal drop (no sound 
actuating the microphone) on R being balanced out of the input circuit by 
the biasing battery C. As sound vibrations, acting on the thin plate B, 
push this back and forth, the distance between the plates of the condenser 
is correspondingly changed, its capacity is changed, and hence pulsations 
of current occur in the charging circuit of the condenser. Thus the RI 
drop in the high resistance R follows the fluctuations in sound pressure on B, 
and this drop actuates the triode 7. This triode is a small one using dry 
cells for its operation and is placed right in the microphone mounting. 
This triode is the first one of a series of cascaded ones, constituting the 
speech amplifier of the radio station. As ordinarily installed this type of 
microphone gives about 0.3 millivolt on the input circuit of the triode, for 
a sound pressure of 1 dyne per sq cm. 

6-7. Moving Coil Microphone. Velocity Microphone.—A small light 
coil fastened to a diaphragm which is vibrated by the air waves may be 
mounted so that its motion causes the lines of force of a magnetic field to 
be cut and thus a voltage to be generated. Whereas this type of micro- 
phone generates an extremely low voltage (less than one-tenth of that 
generated by the carbon button) its response to the voice waves is more 
free from distortion and there is less “ noise”’ than with carbon button 
so that it seems quite likely that it will replace the latter, for broadcast 
pick-up and similar work. In its limiting form the moving coil consists of 
only one very light conductor, the rzbbon or velocity microphone, so called. 
This ribbon, upon the surface of which the sound waves act, constitutes 
part of one turn of a step-up transformer, mounted in the microphone itself. 

6-8. A Voice-modulated Wave.—As we have said before, the voice 
consists of a vast number of frequencies, but for the first analysis we 
attempt it is assumed that the voice is a pure sine wave. By a voice- 
modulated high-frequency wave is meant one of which the amplitude is vary- 
ing according to the sound pressure of the voice, and if we assume this to 
be a simple sine curve then the modulated wave is one the amplitude of 
which follows a sine curve. Such a wave is shown in Fig. 6-8; the wave 
itself is high frequency and its amplitude increases and decreases according 
to some sine curve. The modulation frequency (frequency of amplitude 
fluctuations) is generally very low compared with the frequency of the wave 
itself; thus the wave itself may have a frequency of one million per second 
and the modulation frequency be 500 per second. 

The degree of modulation is determined by the variation of the ampli- 
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tude of the radio-frequency current from its unmodulated, or average, 
value. The wave of Fig. 6-8 is completely modulated because its minimum 
amplitude is zero; such a wave is said to be modulated 100%. It is not 
good practice to modulate the wave of a broadcast transmitting station too 
much, because over-modulation, and consequent distortion of the signal, is 
likely to result. The range of a broadcasting station increases, however, 


pet | + as 


Fia. 6-8.—A high-frequency wave having sine-wave modulation; such variation of 
amplitude as is shown here is said to be 100 per cent modulation. 


Receiving Antenna E.M.F. 


as the percentage of modulation is increased, so that a station trying to 
serve a wide territory, without regard to the quality of its signal, modulates 
up to the 100% limit and over. 

6-9. Composition of a Modulated Wave.—Let us suppose that the 
wave shown in Fig. 6-8 has a frequency of 500 ke and that the frequency 
of modulation is 5 ke; this would be a 600-meter wave, modulated by a 


Frequency in kilocycles very high musical note. 


one It might then be reason- 
Se ably thought that the 


modulated wave was a 


Ly - = C double one, having some 
rs power at 500 ke and some 
(A) power at 5 ke, but such 


is not the fact. Suppose 
the current shown in Fig. 
6-8 is flowing through 
the coil Li of Fig. 6-9; coupled to LZ; is a resonant circuit consisting of the 
coil Le, the variable condenser C, and the current-indicating meter A. 
Such a device, when properly calibrated, is a wave meter, or frequency 
meter. If the frequency of the current in Z; is maintained constant, and 
the capacity of C is varied, the current in this circuit, indicated by A, 
will rise to a high value when the LC circuit is in resonance with the fre- 
quency of the current in Z. 

Thus to find the frequency of the current in L; it is only necessary to 


Fie. 6-9.—Connection of a frequency meter for in- 
vestigating the form of current flowing in coil Ly. 
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vary C in small steps, read the meter A and the frequency of the L2C ~ 
circuit for each setting of C. A curve is then constructed, with frequencies 


as abscissas and readings of 
A as ordinates. The curve 
which would be obtained in 
this fashion, with the ap- 
paratus as in Fig. 6-9, is 
shown in Fig. 6-10. There 
are one high resonance peak 
at 500 ke, and two others 
not so high, one at 495 ke 
and one at 505 ke. If the 
frequency meter is adjusted 
for all other frequencies no 
other resonance peaks are 
found. We are thus forced EY 
to the conclusion that the 
modulated current of Fig. 
6-8 really consists of three 
different currents, one hav- 
ing the frequency of the 


Reading of A 


495 500 505 510 
Frequency of LC circuit 


Fig. 6-10.—Response curve of the frequency meter 
of Fig. 6-9 if the current flowing through coil ZL; 
has the form shown in Fig. 6-8; it is assumed that 
the frequency meter has a very low decrement. 


unmodulated wave and two others, one higher than this unmodulated 


wave and one lower. 


496 497 498 499 500 501 502 503 6504 (0) 


Fig. 6-11.—A more complicated modu- 
lation and the frequency meter 
response curve. 


frequency analysis of such a modulated wave. 
making up such a wave, namely, 497, 499, 500, 501, and 503 ke. 


And the frequency separation between each of these 


two and the unmodulated frequency 
is the frequency of modulation. The 
unmodulated frequency current is 
called the carrier current, and the 
other two are called the side bands. 
In Fig. 6-10 the 500-ke current is 
the carrier current; the 505-ke cur- 
rent is the upper side band; and the 
495-ke current is the lower side 
band. 

Now suppose that the modula- 
tion wave is made up of a 1,000- 
cycle wave with its third harmonic, 
3,000 cycles; a modulated wave of 
this form is shown in Fig. 6-11 (a), 
and in (0) of this figure is shown the 
There are five frequencies 
And 


now suppose that the carrier current is modulated by the sound waves of 
an orchestra, frequencies extending from about 50 per second to 5,000 per 
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~ second. The apparatus of Fig. 6-9 would yield a curve for this case as 
shown in Fig. 6-12. The upper side band would reach from 500,050 to 
505,000 cycles per second, and the lower side band from 499,950 to 495,000 
cycles. Unless the tuning of the frequency meter is extraordinarily sharp 
the form of the resonance curve has the 
appearance of that given in Fig. 6-13, 
the dips between the carrier frequency 
and the nearest side-band frequencies 
being obliterated by the resistance of 
the frequency meter. 
As mentioned before, the sound 
“7 Frequene,  kiloeycles «Co :~C«é‘é SVS: «OF thee Voice cover frequencies 
TG 12 auction semper ie davve from about 100 to 6,000 for the male and 
(theoretical) of a frequency meter 200 to 8,000 for the female voice. Thus 
excited by an orchestra modulated _ if a 300-meter station (1,000-kc) is voice 
wave. It is assumed that all notes modulated the antenna current will con- 
of the orchestra exert equal pres- tain frequencies from 994 ke to 1,006 ke 
sures on the “listening” micro- fo, the male voice and from 992 ke to 
phone; actually the low notes of the : ’ 
orchestra have many times as 1,008 ke for the female voice. To receive 
much pressure as the higher ones. all the components of such waves 
properly the resonant circuits of the 
radio receiver must be tuned broadly enough to admit equally well all 
frequencies from 992 to 1,008 ke. If the receiving circuit is tuned too 
sharply (low resistance due to regeneration may do this) the highest radio 
frequencies and lowest radio frequencies are cut off. Thus in Fig. 6-14 


Carrier 


Lower side band Upper side band 


505 
Frequency in kilocycles Frequency in kilocycles 
Fie. 6-13.— Probable response Fig. 6-14.—Showing how a frequency 
curve of an actual frequency meter, arranged to be highly selec- 
meter, for the conditions assumed tive, fails to respond to the upper 
in Fig. 6-12. frequencies of modulation. 


at B is shown the frequency characteristic of the orchestra-modulated 
wave of Fig. 6-13, at A is shown the resonance curve of the receiving 
circuit, and in the shaded area are indicated the frequencies of the side 
bands which are practically eliminated by the resonance quality of the 
receiver. 
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But the frequencies which are eliminated in the receiver circuits are 
those put into the modulation of the carrier current by the high notes of 
the orchestra. Hence when the modulated current is detected and sup- 
plied to the loud speaker the high notes of the orchestra will be missing. 

If this happens when receiving a voice-modulated wave the loud speaker 
‘voice ”’ will be lacking in consonants; it is the consonants which utilize 
the highest voice frequencies, and these appear in the voice-modulated 
wave as the outer parts of the side bands. If these side bands are then cut 
off by the selectivity of the receiver, the consonants are lost and the repro- 
duction of the voice will be indistinct and ‘“‘drummy.” 

6-10. Typical Circuit Arranged for Modulation.—In Fig. 6-15 is shown 
a simple scheme for sending out voice-modulated radio-frequency current. 


Fig. 6-15.—A very simple radio-telephone transmitter circuit. The frequency of the 
carrier is set by the antenna (a very poor scheme) and the arrangement uses grid- 
circuit modulation. 


The type of oscillatory circuit used is different from those previously dis- 
cussed, in that the oscillatory circuit, that is, the circuit which fixes the 
frequency, is connected with neither grid nor plate. The antenna capacity, 
in combination with the inductance A, fixes the frequency of the oscillatory 
current. The power is supplied to the oscillatory circuit, from the plate- 
circuit battery, through the coupling of coils C and A. The exciting 
voltage for the grid, to maintain the oscillations, is obtained through the 
coupling between the grid coil B and the coil A in the oscillatory circuit. 
The condenser above the letter S in Fig. 6-15 is to by-pass the high- 
frequency currents, set up in the grid circuit by coil B, around the secondary 
coil S of the iron-core transformer P-S. 

The circuit as so far described sets up in the antenna radio-frequency 
currents of fixed amplitude. The rest of the apparatus, namely trans- 
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former PS, microphone, and battery in series with P, are for modulating 
this radio-frequency current. When the microphone is spoken into, the 
current through it varies in accordance with the voice frequency, and this 
varying current flows through the primary P of the transformer, which 
generally has a step-up ratio of perhaps 50. There is thus set up in S a 
voice-frequency voltage of a few volts. The condenser across the secondary 
has a very low reactance for the radio-frequency currents, but for the voice 
currents, of frequencies about 1/1,000 as great, the condenser is of such 
high reactance as to draw practically no current from the secondary. 
Thus the voltage on the terminals of the secondary coil is practically of the 
same form as that on the primary, and this is reasonably similar to the form 
of sound wave impinging on the microphone. 

There are thus acting in the grid circuit of the triode of Fig. 6-15 three 
distinct voltages. The C battery holds the grid at some suitable negative 
voltage, on the average. The transformer secondary, S, introduces a 
voltage into the grid circuit, which makes the grid potential vary, with 
voice frequency, about the value fixed by the C battery. And in addition, 
while the grid voltage is thus varying with voice frequency, the coil B is 
impressing on the grid a radio-frequency voltage. 

With no voice-frequency voltage acting, the radio-frequency current in 
the antenna is of constant amplitude, and this amplitude is determined by 
the average value of plate current. About 25% of the power delivered 
to the plate circuit by the B battery is changed into alternating-current 

power in the antenna, so that as the plate- 


She eee eee See circuit current is increased or decreased (as 
3 "aad ae might be done by changing the B battery) the 
i: ¢ . radio-frequency current in the antenna will also 

a8 eee ae increase or decrease. 
M8 4 But the average plate current can be con- 
—T_ 3 8 ¢ trolled even if the B battery remain fixed, be- 
Pie oe cause the plate current is controlled by the grid 


voltage as well as by plate-circuit voltage. 
This is indicated in Fig. 6-16; during the time 
Terie eVelicese cae the grid potential is held at the negative value 
Rerecanr es (eo; cepleth tha ab the plate current is equal to the value 1-2 
action of the circuit of and the antenna current has amplitude A. If 
Fig. 6-15. now the grid bias is increased to the value c-d, 
the plate current drops to the value 3-4 and 
the amplitude of antenna current drops to B. If now the grid bias is 
decreased to less than its normal value, as at e-f, the plate current 
correspondingly increases to 5-6, and the antenna current increases to 
amplitude C. 
Now returning to Fig. 6-15 it is evident that the transformer P-S 


Antenna 
current 
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does raise and lower the voltage of the grid around the average value fixed 
by its C battery, and that this raising and lowering are carried out at voice 
frequency, in accordance with the shape of the voice wave. Thus it fol- 
lows that the amplitude of the radio-frequency current in the antenna 
circuit goes up and down in a manner fixed by the shape of the voice wave 
striking the microphone. And finally it follows that the radio wave sent 
out from the antenna goes out with intensity variation, the variation 
“carrying” the form of the voice wave. Because of this analogue, the 
unmodulated antenna current is called the carrier current and this sends 
out the carrier wave. 

The scheme outlined above is called grid modulation, as it is brought 


Oscillator Modulator 


Fie. 6-17.—The plate-circuit modulation scheme which has been used in most of the 
radio-telephone transmitters. 


about by the grid, going up and down in potential at voice frequency, 
controlling the plate current and hence controlling the antenna current. 

6-11. Plate-circuit Modulation.—The scheme shown in Fig. 6-15 has 
been much used in small radio-phone transmitting sets, but the larger 
broadcasting stations, as installed today, nearly always use plate-circuit 
‘modulation, in which the plate voltage of the oscillator is forced to fluctuate 
in accordance with the voice wave. One of the commonly employed cir- 
cuits for using plate-circuit modulation is shown in Fig. 6-17. In the large 
broadcasting stations many triodes are used, not two as shown in this 
figure. The output of the triode marked “ oscillator” instead of being 
supplied to the antenna is fed to the first of a series of cascaded triodes of 
continually increased rating, the last tubes being of 10-kw rating or more. 
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The scheme used in Fig. 6-17, it will be noticed, is apparently not as 
efficient from the standpoint of apparatus as the scheme of Fig. 6-15. 
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Fie. 6-18.—Curves to explain 

the action of the scheme shown 
in Fig. 6-17. 


There only one tube is used for carrying 
out both functions, of oscillator and modu- 
lator, whereas in the scheme of Fig. 6-17 
one triode is used for modulator and a sep- 
arate one for oscillator; in the better trans- 
mitting sets there are actually more modu- 
lator tubes than there are oscillators. As to 
which scheme is really more efficient there is 
still argument but the present tendency is to 
use grid modulation instead of plate modu- 
lation; much less voice-frequency power is 
required for the former. 

The scheme of plate modulation depends 
primarily upon the action of the iron core 
inductance, or choke coil, D. It will be 
noticed that both triodes draw their plate 
currents through this coil, which is of very 
high reactance for voice frequencies. Its re- 
actance is so high that in the operation of the 
circuit the current through it remains nearly 
constant; because of this the scheme has 
been called the “‘ constant-current ’’ scheme. 

The microphone circuit operates on the 
grid of the modulator tube, making this go 
up and down in potential in accordance 
with the voice waves impinging on the 
microphone. As the grid of the modulator 
goes up and down in potential, so must the 
plate current of this tube. But because the 
total current through choke coil D must 
remain essentially constant (owing to its high 
reactance), as the modulator-plate current 
goes up and down the oscillator-plate current 
must go correspondingly down and up. Thus 
the plate current of the oscillator follows 
in form the voice waves actuating the 
modulator, and, as the oscillating power fed 
to the antenna circuit depends directly upon 
the amount of current in the plate circuit 


of the oscillator, it is evident that the oscillatory power in the antenna 
follows the form of the voice waves actuating the microphone. 
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These various actions are all shown in their proper relations in Fig. 6-18. 

The coil A is a radio-frequency choke coil, to prevent the oscillator 
from feeding part of its high-frequency energy into the plate circuit of the 
modulator; the resistance R is to make the microphone circuit more nearly 
uniform in response for all the voice frequencies than it would otherwise be. 

In Fig. 6-19 is shown part of the connection scheme of a 250-watt 
radio-phone transmitter; the ‘power pack” from which the various 
voltages for grids and plates are obtained is not shown. In this arrange- 
ment the modulation voltage is applied to the plate circuit of the last 
of the radio-frequency amplifiers; this is called high-level modulation. 


250 watt Antenna 
amplifier 


J5 watt amplifier 
5 watt and frequency 50 watt 
oscillator doubler amplifier 


in oven 


E, Ec 


bO watt 250 watt 


amplifier 
Speech | | 
‘input | | 
Ec Es 250 watt 
Eo E, E, 


Speech amplifier 
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Fia. 6-19.—A modern 250-watt radio-phone transmitter; the circuit uses plate-circuit 
modulation (not quite like that of Fig. 6-17) in which the voice energy wave is 
put in series with the plate-circuit power supply of the 250-watt r-f amplifier tube. 
This is styled high level modulation, the modulation being carried out at a high- 


power stage of the r-f amplifier. 


The last stage of the speech amplifier uses a push-pull stage of 250-watt 
tubes (500-watts capacity for both), and this 500 watts of modulation 
power operates on a 250-watt radio-frequency tube. This is generally 
the case with plate-circuit modulation; 7t 7s efficient to use more power in 
the modulator than in the radio-frequency tubes being modulated. 

In Fig. 6-20 there are shown the speech amplifier and radio-frequency 
stages of a 500-watt short-wave radio-phone transmitter. In this outfit 
all of the radio-frequency tubes operate in push-pull pairs; such a scheme 
facilitates neutralization of the grid-plate capacity feed-back, the neutraliz- 
ing condensers being connected from the plate of one of the pair to the 
grid of the other. This connection ensures the 180°-phase displacement 
of the neutralizing voltage. In Fig. 6-20 the neutralizing condensers, 
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shown adjustable, are fitted to the last three of the radio-frequency stages 
of amplification. In this transmitter low-level modulation is used, the 
modulating voltage being supplied to the plate circuit of the 15-watt 


Type Type 15 watts 75 watts 250 warts 
Crystal 210 210 
oscillator _ triodes triodes 


doubling 
stage 
ER Ec 


Ec 


15 watts 


| RFC = Radio frequency choke 
Speech | | 2 A 30 meter, 500 watt 
input a broadcasting transmitter 
E b 


Speech amplifier 


Fig. 6-20.—A short-wave radio-telephone transmitter using pairs of triodes connected 
in push-pull arrangement, for all stages of the r-f amplifier. The last three stages 
are equipped with adjustable neutralizing condensers (to prevent parasitic oscilla- 
tions), the plate of one of the pair furnishing the neutralizing voltage for the grid 
of the other tube of the same pair. Low level modulation is used, the voice power 
being supplied in series with the plate power supply of the 15-watt stage of the 
r-f amplifier. 
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@) 2) 


Type 47 


Type 45 


L 1=16 turns }4"diam, #18 
R = 10,000chms_, F | 
L;-L,=1 turn each 1 diam, 714 =p I 
L,=4turns ¥"diam. #14 0) 
C = 100uuf oa es 
Antenna =8 ft. stiff wire to each antenna post 


Fia. 6-21.—A low-powered 5-meter radio-phone transmitter. 


stage. In this transmitter also the modulator power is greater than 
that of the radio-frequency tubes modulated. 
Fig. 6-21 gives the circuit arrangement for a 5-meter radio-phone trans- 


mitter, using plate-circuit modulation, such as is used by amateur experi- 
menters. 
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6-12. Grid Modulation.—In Fig. 6-22 is shown in detail the speech 
amplifier (in two parts, low and high level units) for a modern 1,000-watt 
broadcast transmitter, and in Fig. 6-23 is shown the radio-frequency 
transmitter itself, employing grid modulation. The various power units 
with their rectifiers and filter circuits are given in detail. Low-level, grid- 
circuit modulation is used in this transmitter. The various extra con- 
densers, resistances, etc., are, in general, for stabilizing the circuit; neu- 
tralizing condensers are used in the last two radio-frequency push-pull 
amplifiers, as well as in the 50-watt single-tube stage. Certain coils, 
short-circuited at the proper points, act to introduce losses for the 
harmonics of the fundamental frequency, thus keeping the antenna power 
reasonably free of harmonic distortion. 

6-13. Action of Detector in Radio-phone Reception.—The current set 
up in the antenna of the radio-phone receiving circuit is, of course, of 
radio frequency; it is modulated at voice 
frequency, but as the current itself is ie ; 
outside the audible range the variations in 5 
amplitude, even though of voice frequency, ies 
cannot be heard. A rectifying device must 
be used which changes the voice-modulated 
radio-frequency current into a voice-frequency 
current. The triode detector serves this 
purpose better than any other device. 

As was shown in Section 4~25, the triode 


é MATA (b) 
detector, when used with grid condenser and Pe (c) 
grid leak, supplies a plate current the 


average value of which goes down as the ee 


amplitude of the radio-frequency signal on fyg. 6-24.—Showing how the 


(a) 


voltage 
Cc 


th 


ignal 
ge 


iS} 
volta 


Plate 
current 


the grid increases. This is illustrated in triode with grid condenser and 
Fig. 6-24. The circuit arrangement shows grid leak functions in the 
a condenser C, shunting the phones; this receiver circuit to give a plate 


: : : current having an average 
is to permit the high-frequency fluctuations Lie nket HS ated Rael 


in plate current to take place without the amplitude (ie., modulation) 
choking effect of the phones. The high- of the r-f input. 

frequency component of the plate current, 

then, flows through condenser C, and as the average value of plate current 
changes the current through the phones changes. 

For a radio signal of the form shown in (0), Fig. 6-24, the plate current 
has the form shown in (c). The average value of the plate current is indi- 
cated in dotted lines, and this is the current that flows in the phones. It 
is thus seen that the variations in the phone current follow in form the 
variations in amplitude of the radio-frequency signal. If, then, the radio- 


222 RADIO TELEPHONY [Cuar. VI 


frequency signal has an amplitude variation corresponding to the voice, 
the phone current corresponds in form to the voice. 

One precaution which must be observed in arranging the detector 
circuit has to do with the time constant of the grid condenser and leak. 
The average potential of the grid must be capable of changing in accordance 
with the amplitude of the voice-modulated wave, and if the time constant, 
RC, of the grid condenser and leak, is too high, rapid changes in amplitude 
cannot be followed. To reproduce the consonant sounds of the voice 
properly, the product, RC (R in ohms and C in farads) should not exceed 
0.0001 second. If too large a time constant is used the consonant sounds 
of the voice will not be given off by the phones, although the vowel sounds 
are reproduced perfectly well; these vowel sounds are given by compara- 
tively slow changes in the amplitude of the radio-frequency current, and 
the grid potential will follow these when it cannot follow the rapid changes 
which represent the consonants. 

6-14. Effect of Selectivity of Set on Quality of Speech.—A radio-phone 
receiving set must be selective enough to be able to “ tune in”’ one signal 
to the exclusion of others of nearly the same wavelength, or frequency. 
Thus if the desired signal is of 800-ke frequency and there are two other 
stations sending at the same time, say of 780-ke and 820-ke, these two 
undesired signals should be inaudible when the set is tuned for the 800-ke 
signal. 

This characteristic of the set, its discriminating ability, so to speak, 
is called its selectivity. The tuned circuits 
used in the radio-frequency amplifier of any 
modern receiver do give this desired selec- 
tivity, if good coils and condensers are used. 
If three tuned radio-frequency circuits are 
used (an ordinary arrangement) the selec- 
tivity is many times as good as if only one 
tuned circuit is used. A possible selectivity 
ANY curve for such a receiving set is given in Fig. 

a ne 6-25. All three circuits are tuned for 
Frequency in kiloeycles 800 ke, resulting in the sharp resonance 
Fic. 6-25.—A receiver with too curve shown. If we assume that the audi- 
much selectivity cuts out all }Je-frequency band extends from 50 to 8,000 
oe ee of the vibrations a second the two side bands of 
the 800-ke signal would extend from 792 ke 
to 799.05 ke and from 800.05 ke to 808 ke. For fidelity of reproduction 
the radio receiving set should respond equally well to all of these fre- 
quencies. But the selectivity curve of Fig. 6-25 shows that the response 
for the 792-ke and 808-ke currents is only about one-fourth as great as 
for those frequencies close to the carrier frequency. 


Response of 
Receiver 
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Now the outer regions of the side bands, that is, those frequencies 
farther from the carrier current, carry the consonant sounds of the voice 
while those near the carrier frequency carry the vowel sounds. Hence, 
it appears that a set with too great a selectivity gives a greater response 
to the lower voice frequencies than to the higher, resulting in poor intelligi- 
bility. It was pointed out in Section 6-3 that the distinctness, or intel- 
ligibility of speech, depends mainly upon the frequencies above 1,000. 
Some very selective sets have a selectivity so sharp as to actually make 
speech sound “ drummy,”’ resulting from too great an amplification of 
vowels compared to that of consonants. The modern radio receiver 
reproduces in about their proper proportions frequencies as high as 5,000; 
for frequencies higher than this the response of the receiver falls off. 

6-15. Transatlantic Telephony.—At the time of this writing radio 
telephony is being used regularly for conversations between any part of 
the United States and almost any part of Europe as well as to South 
America. 

Suitable land lines convey the speech current to the radio transmitting 
stations, where it is amplified and used to modulate the power of reasonably 
large triodes. In the 5,000 meter trans-Atlantic telephone channel the 
modulated radio-frequency current thus obtained is put through filters, 
and the carrier and one side band are suppressed. The one side band 
remaining is used to excite larger triodes, in cascade, until from the last 
series of large water-cooled tubes about 200 kw of single side-band modulated 
power is obtained and sent out to the antenna. 

At the receiving station on the other side of the ocean, this single side 
band is picked up and there it is combined with a locally generated carrier 
current of exactly the same frequency as the carrier which was suppressed. 
Not only is the frequency of this locally supplied carrier the same as the 
original but its amplitude is adjusted to that value the suppressed carrier 
would have had, if it has traversed the ocean with the single side band. The 
single side band and this locally supplied carrier are suitably amplified, 
detected, and sent over land lines to the listening party. 

On each side of the Atlantic the receiving station is located many miles 
from the transmitter, and its antenna is of the directively selective type. 
Many refinements are employed to prevent interference between the 
“ going”? and ‘“‘ coming” signals, which both use the same frequency. 
Owing to the selectivity of antennas, elimination of carrier and one side 
band, choice of location for receiver where “ static”’ is low, etc., it is 
estimated that the 200 kw of power actually employed is as effective, 
across the ocean, as if 6,000,000 kw were used as in ordinary broadcasting, 
with none of these special features incorporated. That is, if an ordinary 
broadcast receiver, with the usual antenna, etc., were required to give 
as reliable communication over the same distance, from a broadcasting 
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station sending both side bands and carrier as is ordinarily done, the 


station would have to generate 6,000,000 kw of power. 


In Fig. 6-26 there is shown a schematic layout of the present radio- 
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It was found that the average signal-to-noise 


telephone channel from New York to England, but since this picture of the 
radio channel was made the receiving station in England has been moved 


into Scotland at Cupar. 
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ratio at Cupar was six times as good as it was at Wroughton. This reloca- 
tion of the receiving station has increased the reliability of the channel as 
much as would have been done by changing the power at the transmitter 
from 200 kw to 1,000 kw! 

In addition to the 5,000-meter channel there are at present in operation 
three short-wave radio-telephone channels to England. Each of the 
short-wave channels requires three different wavelengths to ensure 24-hour 
service, so each channel is equipped in triplicate, all apparatus being 
adjusted and maintained on its specific wavelength. 

Directive antennas are used at both transmitter and receiver; a trans- 
mitting antenna consists of a tightly stretched “ curtain” built up of 
half-wavelength antennas, the curtain being 150 ft high and 500 ft long. 
A similar unexcited antenna spaced one-quarter wavelength behind the 
active one serves as a reflector, so energy is sent off in only one direction, 
perpendicular to the curtain. Three complete antennas are required for 
each channel. 

In Fig. 6-27 is shown an airplane view of the short-wave-transmitting 
station of the American Telephone and Telegraph Company, located at 
Lawrenceville, N. J. The long line of towers supports the various antennas 
transmitting to England, and the shorter one supports antennas directive 
to South America. 

6-16. The Broadcasting Station—A broadcasting station consists 
essentially of: 


(a) The studio, microphone, and speech amplifier. 

(b) The radio-frequency system, including oscillators and modula- 
tors. 

(c) The power equipment. 

(d) The control equipment. 


(a) The studio must be very carefully arranged to prevent undesired 
echoes; therefore the walls, floors, and ceiling must be of such material 
as will give but little reflection of sound. Carpets and rugs on the floor 
and heavy hangings around the walls will effectually deaden the echoes. 
The ceiling is generally made of some semi-porous material which absorbs 
sound. Too much deadening effect is to be avoided, however, as it is 
difficult to sing or talk naturally in a ‘‘ dead ” room, so a compromise must 
be reached. A typical studio is shown in Fig. 6-28. The microphone 
is generally of the double-button type, held in a spring suspension at 
about the right height to be spoken into. In Fig. 6-28 two microphones, 
so supported, can be seen, close by the piano. 

The current from the microphone is supplied to the input terminals of a 
“speech amplifier”; this is really a high-quality audio-frequency ampli- 
fier, with suitable controls for adjusting its amplification. A typical 
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arrangement of apparatus is shown in Fig. 6-22; the potentiometer con- 
trol, V, serves to hold down the amplification to any desired amount. 
The power range of an orchestral selection may frequently be 100,000 


Microphones and performers must be carefully arranged, to give proper relative intensities to the 


tion must be permitted to prevent the ‘‘dead”’ effect which exists when there are no echoes at all. 
various elements of a program. 


be nearly eliminated by using sound-absorbent material for ceiling and walls, but sufficient reverbera- 


Fia. 6-28.—A broadcast studio must be carefully designed from the acoustical standpoint; echoes must 


to 1, or even greater, but it is practically impossible to design a broadcast- 
ing station to care for such great variations, at a reasonable expense. 
It has been found that a power range of 1,000 to 1 results in reproduction 
by a good radio receiver sufficiently like the actual rendition to be satisfac- 
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tory; the range of output by the speech amplifier is held to about this 
amount by the control operator who watches the output voltmeter, Vi, 
and so adjusts the control, V, as to increase the volume of the pianissimo 
passages and to tone down the heavier passages. 

(b) The radio-frequency system consists of a series of oscillators, 
modulators, and power amplifiers. In addition, there must be a standard 
piezo-electric oscillator, used either actually to control the frequency of the 
station or to serve as a reference frequency to which the frequency of the 
station is closely held, by listening to the beat frequency and keeping this 
within the 50-cycle limit set by government order. 

(c) The power equipment for the smaller stations consists of a motor, 
driving two continuous-current generators; * one of these develops 1,500 to 
2,000 volts for the plate supply and the other 15-20 volts for the filaments. 
The generator voltages are controlled by suitable field rheostats, and filters 
are used to eliminate the commutation ripple. 

For stations of more than 1-kw rating, water-cooled triodes are used 
and the plate supply of 10,000 to 20,000 volts is generally obtained from 
a bank of mercury-vapor, hot-cathode, rectifiers. The three-phase power 
supply of the station is sometimes changed to six-phase, and six water- 
cooled mercury-vapor valves rectify this to give a voltage almost free from 
ripple; what ripple there is must be flattened out by suitable chokes and 
condensers. 

Small generators have been generally used for getting the required grid 
bias for the various triodes, but modern practice eliminates all generators, 
using various rectifying units to get plate and grid voltages. 

The general arrangement of the apparatus was shown in Fig. 6-23. 

(d) The control equipment includes, in addition to the volume control 
already mentioned, a ‘“‘ mixing panel’ from which the operator is able to 
pick up his signal from any one of several microphones placed in the studio 
or music hall. He may sometimes “ fade out” one of them as he grad- 
ually brings in the other. 

The water-cooled tubes require pumps, ete., and suitable safety relays, 
operated from the temperature of the cooling water. Proper retard cir- 
cuits enable the various operations, lighting filaments, starting water sup- 
ply, putting on grid bias, putting on plate voltage, etc., to take place in 
proper sequence and at the proper time intervals. 

Ammeters are provided for antenna current, also for plate and grid 
circuits of both oscillator and modulator. The ammeter or voltmeter in 
the output circuit of the modulator responds to changes in speech volume 
and thus serves as a correct measure of the degree of modulation. Too 
small a modulation results in weak signals at the listening stations and too 


* More recently machines are displaced by rectifying valves and filters, for the 
plate supply, and the filaments are heated by alternating currents. 
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high a modulation results in poor quality of signal and broad tuning at the 
receiving set. 

Some of the modern stations are arranged to broadcast the same pro- 
gram at two or more wavelengths, using two different transmitters and 
antennas but the same speech amplifier. The longer wave is for listeners 
within a hundred miles or so, and the short wave is for listeners who are 
thousands of miles away. 

6-17. Costs of Broadcasting Stations.—The costs of constructing and 
maintaining a broadcasting station are much greater than would be 
naturally supposed, in view of the small amount of power they put out. 
An ordinary electric power plant, for example, cost perhaps from $75 to 
$150 per kw of power rating, but power in the form of modulated, radio- 
frequency current is much more expensive. 

A detailed estimate of the costs of the better-class stations has been 
compiled* from which the following brief summary is taken. The capital 
investment represents the average minimum, including buildings, antenna, 
and all actual apparatus for station and studio. The annual maintenance 
cost is exclusive of program talent, merely covering wages for operators, 
depreciation, and obsolescence. The latter item is taken at 25%, so far as 
actual transmitter equipment is concerned. 


Power 1 kw 5 kw 50 kw 
a plual IN VeStMeD sa. esc sae Sse on oc $45,000 $125,000 $340,000 
Annual maintenance: 
SEICIOS NIGP ON CES tise ace cc 5 aot heroes 30,000 70,000 80,000 
TRB TIN? . Ae cS gato cin eeneeertets Serene 35,000 85,000 215,000 
Investment and operating cost for first year 
MOpnours daaly) oe hs. ee arlene oe 110,000 280,000 635,000 


*“ Flectronics,” June, 1931, p. 688. 


CHAPTER VII 
RECEIVING SETS 


7-1. Simple Crystal Receiving Sets.—For the listener within a few 
miles of a broadcasting station, who is satisfied with the telephone head 
set for receiving the signal, a crystal detector set is perfectly satisfactory. 
The quality of a signal received in this fashion is much better than that 
given by the average multi-tube set with loud speaker. The arrangement 
of apparatus is shown in Fig. 7-1. 

The antenna should be a single wire as high as convenient and about 

150 ft long. The combination of ZL; and Lg is 

called a loose coupler; L; consists of a few turns of 

heavy wire and Lz has ordinarily several times as 
many turns of fine wire. The coil LZ; is continuously 
® variable (by sliding contact or switches) so that the 
antenna may be tuned to the signal frequency. Coil 
Fig. 7-1.—Simplest Le is fixed in amount of inductance, but is adjust- 
serviceable receiving able in position with respect to Li, so that the 
set; its sensitivity ¢oupling can be varied. The condenser C2 is of the 
2 oe sata ee type, of maximum capacity about 
Of eimialis cood. d af. suitable inductance for Lz, for such a 
condenser, is 200 wh. 

The crystal rectifier D is of galena, silicon, or is possibly the double 
crystal rectifier, zincite in contact with chalcopyrite. The head phone P 
should be of the high-resistance type, having a continuous-current resist- 
ance of about 1,000 ohms and one henry inductance. Such a phone will 
give an audible signal when the current through it is about one micro- 
ampere. 

In picking up a signal, tight coupling is used between Z; and Le, Ly and 
C2 being adjusted simultaneously until the desired signal is obtained. 
Then to cut out interfering signals the coupling is diminished, keeping Ly 
and C2 constantly in adjustment for the desired signal, by trial. A coup- 
ling of not over a few per cent will generally give the best results. The 
power required for a comfortable signal in the head phone is about 0.025 
microwatt. If the phones receive }% of the power received by the antenna, 
this will be as great as 5 microwatts. If the effective resistance of the 
antenna is 25 ohms the current required in the antenna is about 450 micro- 
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amperes. This requires that the voltage induced in the antenna by the 
signal wave is about 0.01 volt. If the antenna is 30 ft high this requires 
that the strength of the signal wave be one millivolt per meter. 

The crystal detector set, it will be noticed, depends for its operation 
upon the energy picked up by the antenna; the power available for the phones 
ts only a small fraction of that picked up. This differs entirely from the 
action of a triode receiver, which uses the signal picked up by the antenna 
to control a local supply of energy, thousands of times as great as that picked 
up by the antenna. 

The crystal set has largely disappeared in America, but its low first 
cost, freedom from battery troubles and expense, and good quality of 
received signal make it in some cases preferable to a vacuum-tube set. 

7-2. Simple Triode Receiver.—In this scheme the crystal detector is 
replaced by a three-electrode vacuum 
tube, arranged as a detector; the con- 


nection scheme is given in Fig. 7-2. This : 

has the advantage that the triode is a 5 Le 
pe ‘ 1 R \ 

more sensitive and reliable detector than Ce ih 


is the erystal, and that the tuning of the 

L2-C2 circuit is sharper than when a_ Fria. 7-2.—Nonregenerative triode 
crystal detector is used. The grid con- receiver; same characteristics as 
denser, C, is generally 0.0002 uf and the circuit of 7-1, but about ten times 
grid leak about 1 megohm. The plate ae econ 

battery is about 25 volts. The triode itself is several times as costly as 
the crystal detector, and the filament battery and plate-circuit battery 
constitute extra expense and trouble of maintenance. 

A signal power of 0.025 microwatt in the phones in this circuit requires 
a power in the antenna of about 0.5 microwatt, or about one-tenth that 
required for the same signal strength 
when a crystal detector is used. 

7-3. Regenerative Triode Receiver. 
—The simple triode detector arrange- 
ment of Fig. 7-2 is only about ten 
times as sensitive as a crystal set, as 
the above calculations show. But, as 

Fic. 7-3.—Regenerative triode re- the plate-circuit battery has plenty of 
yee sng bones ts age onal energy, and as by coupling the plate 
it is sensitive and reasonably selec- : 2 LS iat ; 
tive, but when adjusted for high Circuit to the grid circuit it is possible 
sensitivity the quality is poor. to have the plate current fluctuations 

reinforce the signal current in the grid 
circuit, by the simple expedient of a ‘“‘feed-back ” arrangement the triode 
detector becomes hundreds of times as effective as the crystal. The 
circuit arrangement is shown in Fig. 7-3; this is seen to be identical 
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with that of Fig. 7-2 with the exception of the small coil Lz, interposed in 
series with the plate circuit and magnetically coupled to the coil Lz, in the 
tuned grid circuit. The coupling between L3 and Lz must be of the right 
polarity, and variable in amount. The coil Lz, called the tickler coil, is 
generally of much smaller inductance than Lz, per- 
haps one-tenth as much. 

The effect of this feed-back, or regenerative, 
coupling is essentially to lower the effective resist- 
ance of the Le-C2 circuit. If this resistance is 
measured in an alternating-current Wheatstone 
bridge it will be found to diminish as the tickler 

Frequency coupling is increased; with coupling greater than a 

Fic. 7-4.—Selectivity certain amount the measured value of the resistance 

curves of the regen- of the L2-Ce circuit is actually negative. If nothing 

erative receiver for ere done to prevent it, the circuit would oscillate 

different degrees of ae ae, : 
aes under this condition of coupling. 

Now the impedance of the L2—-C2 circuit is made 
up of reactance and resistance. By properly adjusting the variable con- 
denser C2, to keep the circuit tuned, the reactance of the circuit, for the 
signal current, is kept continually equal to zero. By increasing the tickler 
coupling the resistance of the L2—C2 circuit is diminished, and hence, for 
the signal frequency, the circuit impedance may be 
made to approach zero. In Fig. 7-4 are shown the 
impedance curves of circuit L2—-C2 for various fre- 
quencies, and for three values of tickler coupling, 
curve 1 being for weakest coupling and curve 3 for 
the tighest coupling. 

It will be realized at once that for the tuned 
frequency, and for the coupling used in curve 3, 
very large signal currents will flow, even if but small 
voltages are induced in the Le—C2 circuit from the 


Impedance 


Signal Strength 


Critical 
Coupling 


| 
Coupling 
antenna. Fia. 7-5.—Behavior of 

The performance of the circuit, so far as signal a regenerative re- 
strength is concerned, as the regenerative coupling is ceiver when used for 
increased, is shown in Fig. 7-5. The signal strength ‘#™ped wave teleg- 
increases tremendously in volume, until at a cer- rap, Ot 

, sche : aan phone, reception. 
tain critical coupling the circuit “ breaks’ and 
self-sustained oscillations are set up in the Lo—C2 circuit. 

Above this critical coupling the signal is still heard, with great volume 
as indicated by the dashed part of the curve, but its quality is changed. 
If a spark signal is being received, its normal musical note changes to a 
rasping, scratchy one, and if a radio-telephone signal is being received, a 
loud whistling note will generally be heard, as the critical coupling is 
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exceeded. The whistle is the beat frequency between the local oscillations 
and the carrier current of the telephone channel. Of course, if the carrier 
current and the local oscillations have exactly the same frequency, no beat 
note will be heard, but this does not generally occur. 

A carefully adjusted regenerative triode circuit can be made so sen- 
sitive that transatlantic continuous-wave telegraph signals can be easily 
read, with the simple circuit of Fig. 7-38. Such extreme sensitivity is 
obtained, however, only by a skilled operator; it requires very accurate 
adjustment of both tuning and regeneration. 

7-4. Disadvantage of Regenerative Set.—The regenerative set shown 
in Fig. 7-3, many thousands of which were manufactured and sold in the 
early days of radio, proved to be one of the greatest nuisances possible in 
the field of radio broadcasting; several times attempts were started to 
make such sets illegal. 

When such a set is adjusted for the oscillatory condition, oscillatory 
currents flow not only in the Z2—C2 circuit but also in the antenna, which 
is coupled to this circuit. The set then acts like a miniature transmitter, 
radiating waves of the frequency fixed by the L2-C2 circuit. This radiated 
power, small as it is, interferes greatly with reception by all other receiving 
sets in the vicinity. Beat frequencies are set up with stations to which 
neighbors are listening, resulting in whistles so loud as to drown out normal 
reception. 

Thus suppose that the L2—-C2 circuit is set for 860 ke and that a neighbor 
has his set tuned for a 865-ke station, to whose program he is listening. 
The 860-ke wave from the oscillating receiver will beat with the 865-ke 
carrier wave and produce in the listening set a piercing note of 5,000 
vibrations. 

As the owner of the regenerative receiver changes the setting of C2 (Fig. 
7-3) the frequency of the oscillations sent out from his antenna correspond- 
ingly vary, and all of the neighbors are treated in turn to loud whistling 
notes of interference; these notes start at the top of the audible scale, 
descend to zero frequency and again increase, disappearing at the upper 
limit of audibility. Whereas the amount of power sent out by an oscillat- 
ing receiver is very small, producing real disturbance only in the immediate 
neighborhood, it may be heard at a distance of a mile or more. 

As long as the regenerative set does not oscillate, it does no harm to 
other listeners; anyone using such a set should always keep the tickler 
coupling set at a value sufficiently low so that oscillations are not produced. 
This requires that as the capacity of C2 is decreased, tuning the set for the 
higher frequency stations, the tickler coupling must be correspondingly 
diminished. 

7-5. Requirements of a Modern Receiver.—The modern radio receiver 
must be sufficiently sensitive to ‘‘ pick up” a station several hundred 
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miles distant, with an antenna perhaps 50 ft high and 100 ft long. While 
it is receiving this distant signal it must not be interfered with by a power- 
ful station close by, transmitting on a neighboring channel. That is, the 
set must be selective as well as sensitive. But it must not be too selective, 
otherwise the high notes in music and the consonants of speech will be 
improperly weakened. 

The set must detect the signal, that is, reduce it from a modulated 
radio-frequency signal, to an audio-frequency signal. It must then amplify 
the audio-frequency signal without discrimination against any of the audible 
frequencies. It must deliver enough undistorted signal power to operate 
a loud speaker, that is, about 50 milliwatts on the average. For reason- 
ably powerful low notes such as the pedal notes of an organ, it must be 
able to deliver many times this amount of power if organ selections are to 
be reproduced with fidelity. 

The above requirements practically determine what the receiver is to 
be. To gain sensitivity the radio-frequency signal must be amplified a 
good deal before detection; the output of the detector tube, in changing 
the radio frequency to audio frequency, should be proportional to the 
strength of the radio-frequency signal, not as in Fig. 5-9. For weak radio 
signals the audio-frequency signal coming from the detector is so weak as 
to be hidden in the “‘noise,” that is, static, tube noise, ete. 

At least two stages of radio-frequency amplification are advisable; 
this means that the signal received from the antenna is increased 50 to 200 
times in voltage before being sent to the detector. 

By using a tuned circuit for the input circuit of the first radio-frequency 
(r-f) triode, and tuned output circuit for both r-f triodes, the signal goes 
through three tuned circuits in cascade. With well-constructed coils and 
condensers this will give as much selectivity as is advisable. Thus the 
two (and occasionally three) r-f stages of the modern receiver give both 
sensitivity and selectivity. 

From the detector output circuit the signal (now of audio frequency 
(a-f)) goes through an iron core step-up transformer to the first a-f tube. 
The step-up ratio is about 3 to 1 and this, combined with the normal 
amplification of the triode, gives a-f voltage amplification about 25 per 
stage. The second a-f triode is coupled to the first by another iron-core 
transformer, the output of this second a-f tube is generally supplied directly 
to the loud speaker. The better sets use a special triode for the second 
a-f stage (the output tube) as the type of tube used for the amplification 
stages does not have sufficient power output to operate a loud speaker 
properly. For good quality of signal the output to the loud speaker should 
not be more than about 15% of the power supplied to the plate circuit 
by its B battery. A plate circuit supply of 250 volts and plate current 
of 0.035 ampere, which is about the rating of the average amplifier 
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tube, will thus make available about 1,500 milliwatts of high-quality 


signal. 


The present tendency is to use more r-f amplification and less a-f ampli- 


fication. <A total r-f voltage amplification 
of 50,000-100,000 is now feasible, and used 
in some sets. The signal delivered to the 
detector input terminals is as much as 20 
volts (effective), making it possible to repeat 
directly from the detector tube to the power 
output tube. 

By employing a special output tube, 
using say 300 volts for its plate supply, and 
drawing 0.05 ampere in its plate circuit, an 
undistorted output of 3,000 milliwatts is 
available. Such an output tube of course 
cannot be economically run from battery 
power; it requires rectified and filtered 
power from an alternating-current power 
circuit. 

7-6. Loud Speakers.—Practically all of 
the better grade of radio receivers employ 
loud speakers, instead of head phones, for 
signal reception. Three types of loud 
speakers have been used in the past, but it 
seems that only two, or possibly only one, 
will survive. 


: Corrugations 
” 


F1a. 7-6.—Cross-section through 


the coil and diaphragm of 
a modern horn-type loud 
speaker; with a properly con- 
structed diaphragm and throat 
to the horn, this is a very 
efficient type of speaker, giv- 
ing off in the form of sound 
about 50% of the electrical 
power supplied to its moving 
coil. It gives a good response 
(when used with the proper 
horn) from 50 to 4,000 vibra- 
tions per second. 


The early type of speaker had a vibrating diaphragm, the construction 
being much the same as that of a head phone, but of course of larger 


dimensions. 


Such a vibrating diaphragm is a very inefficient sound pro- 


Fie. 7-7.—The field coil 
for the speaker shown 
in Fig. 7-6; the moving 
coil fits reasonably close 
in the annular air gap. 


ducer, and for low notes its efficiency is prac- 
tically zero. To increase the efficiency, long 
horns are fitted to take the sound waves from the 
diaphragm. Horns, unless scientifically designed 
and built, give a peculiar barrel-like quality to 
speech. They should be made out of some 
“ dead ” material, should be built with the cor- 
rect spread, or flare, and must be sufficiently 
long to give the bass notes; even then a horn- 
type speaker is none too good. Present speakers 
of this type have two or more elements, each 


with its own horn; one horn may be about 1 ft long, another 3 ft long, 
and the other about 10 ft long. Such a combination gives reasonably 
uniform response but obviously is expensive and cumbersome. 
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The diaphragm and form of throat of this type of speaker have been 
much improved in design so that they are now quite efficient generators of 
sound, and this improved type of loud speaker is generally used at present 
where much volume is required, such as public-address systems, theaters, 
etc. Figs. 7-6, 7-7, and 7-8 show the construction of two of these modern 
horn-type speakers, and 
= Fig. 7-9 shows the con- 
Moving —| UR oe version efficiency of the 

| larger one of the two. 

The cone speaker is 

Moving pss Diameter of coil=1 inch built about as shown in 
rt asa, “ei Fig. 7-10. A paper cone 
Fia. 7-8.—For frequencies above 4,000 vibrations a A-A, with diameter 
second, the loud speaker must have its parts made about 18 in. and an apex 
small and light. Whereas the moving coil and angle of about 160°, is 
diaphragm . the septs Fig. oe vii ep glued at its rim to 

nda. 1 
one ram, te oon weet of mall soother paper cone BB. 


give off vibrations having a frequency as high as This one is a frustum 
12,000 per second. only and is fastened to 


the metal supporting ring 
C, which in turn is carried on the supporting base D. 

Fastened to the ring C is a powerful motor of the balanced armature 
type. A heavy permanent magnet £ is fitted with the laminated, slotted 
pole pieces F-F. A short steel reed G is held midway between these pole 
pieces by a flat stiff spring (not shown in the diagram) in such a way that 
it may rock about its center point. Surrounding this vibratory armature, 


0 100 
5 eal isa a ly 
4 7 8 
q 2 
=) 
a 10 10 & 
8 - 

20 : 1 
60 60 80 100 200 400 600 800 1000 2000 4000 6 8 10,000 
Frequency 


Fie. 7-9.—The sound response curve of the speaker of Fig. 7-6. 


and embedded in the pole slots, is a winding H of thousands of turns of 
fine wire. If current flows through this winding in such direction as to 
make the top (in the diagram) of the armature of north polarity the arma- 
ture twists counter-clockwise, against the retaining force of the flat sup- 
porting spring. If the current reverses, making the top of the armature S, 
the armature twists clockwise. 
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Fastened to the outer end of the armature is the stiff rod J, which 
fastens to the outer end of the lever J. This is of rigid construction 
except near its clamping support L, where it is flexible. Fastened to the 
center of lever L is the light stiff rod K which fastens to the apex of the 
cone by a small chuck. . 

This lever arrangement permits the outer end of the armature to move 
about twice as far as does the apex of the cone. With motors and cones 
of the ordinary dimensions the reduction of motion 
makes the cone diaphragm a more suitable me- 
chanical load for the vibrating armature. 

This type of loud speaker gives a much more 
truthful reproduction of speech and music than did 
the earlier horn type. Like the horn type, it has 
a lower frequency limit, below which its efficiency 
as a sound producer falls almost to zero; this is in 
the region of 100 vibrations per second. 

In its working range, say from 100 to 4,000 
vibrations, a good cone speaker has an efficiency 
of possibly 2-5%. Its armature can vibrate but 
a short distance before striking the pole pieces so ¢ 
that the possible power input is limited to about 
one watt. 

The type of speaker most frequently used today 
goes by the name of moving coil, or dynamic 
speaker; its construction is roughly shown in Fig. 
7-11. A shell-shaped magnet, having a central 
cylindrical core B, is excited by the winding A. 
The air gap of the magnet is ring-shaped, the end Wie ee 16. ae Theta 
piece C of the shell reaching almost to the core B. type speaker which has 
The density of flux in the air gap is about 14,000 had such general use; 
lines per sq em, and the power used in the mag- _ the driving mechanism 
netizing winding is from 3 to 15 watts. In the of the cone is that of an 

A ; : enlarged Baldwin tele- 
narrow ring-shaped air gap (in the average speaker hone Ges Rie Bow 
about 0.05 in. long) is placed a light coil D, con- 
sisting of a hundred or more turns of fine wire. The frame on which 
the coil is wound is flared at its outer edge, for cementing to the paper 
cone, having an apex angle of about 140°, and a diameter at its base of 
about 10 in. At its outer edge the cone is cemented to a thin ring of flexible 
leather, such as kid, and this in turn is fastened to a light metal ring. 
This ring, faced with felt, is pushed tight against the baffle board, which 
has a circular opening of the size of the paper cone. 

The voice currents flowing through coil D make this move axially, thus 
pushing the cone to and fro. The baffle board acts to prevent the air from 
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running around the edge of the cone as it moves, and helps greatly in form- 
ing the low-frequency sound waves. 

This type of speaker supplied with a watt or more of electrical power 
will reproduce throughout the audible range better than any other type. 
From about 100 vibrations a second up, it is equal to the cone speaker, 
but below 100 it is very much better. It will reproduce well sounds as 
low as the ear can perceive, about 40 per second. 
In many of these speakers the response for the 
very high voice frequencies is comparatively too 
great, so a condenser-resistance filter is fre- 
quently used in shunt with the speaker to 
reduce this high-frequency response. This 
dynamic speaker is the only type which repro- 
duces with fidelity the lower range of notes of 
an organ selection. 

The winding A generally has many turns 
of fine wire, and its current is the rectified 
alternating current which is to supply the plate 
circuits of the triodes of the receiving set. It 
has a high inductance and forms one of the 
filter coils of the power supply. 

The possible efficiency of a speaker of this 
type is much better than the rocking-armature 
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Fie. 7-11. — The 


modern 
“dynamic” speaker used in 


practically all broadcast 


receivers. The coil A is 
generally used as one of the 
choke coils of the power- 
supply filter; to prevent 
objectionable hum from 
the pulsations of the 
power-supply current, it is 
advisable to put a few rings 
(alternating iron and cop- 
per) as shown at EH, be- 
tween the coil A and the 
annular air gap where the 
moving coil is placed. 


type described above, and it has a much 
greater possible output. Thus one of the 
better commercial types is said by the manu- 
facturer to have an average efficiency of 25%, 
with a possible power input of 10 watts. Its 
efficiency is probably somewhat less than 10%; 
even this low value makes it considerably 
better than the cone with the rocking-armature 
motor. The possible motion of the cone, 
which is attained only at the very low fre- 
quencies, is about 3/5 in. 

The field coil uses about 10 watts of power 
for its excitation. As the moving coil has a 


resistance of only about 10 ohms, and as the speaker impedance should 
match that of the tube from which its power is supplied, the moving coil 
must be connected to the plate circuit of its tube by a transformer. If 
one having a turn ratio of 30 to 1 is used the 10 ohms of the coil will 
appear as 9,000 ohms in the primary coil, and this is about right for the 
tube from which the speaker’s power comes. 

Most recently a combination of this dynamic speaker with a small 
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Rochelle salt speaker has been advocated, and is said to give uniform 
response from 50 to 10,000 vibrations per second. 

7-7. Amplification and Its Measurement.—If we put into a device a 
certain amount of power P;, and by the operation of the device itself, 
get out of that device a different amount of power Ps, of corresponding 
variation, the device must be either a source of energy or an energy sink. 
If Pz is greater than P; there must be some local energy supply, the output 
of which is controlled by the amount of power P; supplied to the device. 
If there is no local supply of energy (which is, or can be transformed into 
electrical energy) then Pz must be smaller than P; and this means that 
part of the energy has been used up, that is, transformed into some other 
type of energy, in passing through the device. The ordinary attenuator 
(frequently called a pad) or circuit for using up a definite known proportion 
of the power supplied to it is of this sort. 

The ordinary vacuum-tube circuit evidently constitutes an amplifier; 
the input to the grid circuit is only a small fraction of the amount of power 
given off from the plate circuit. A microphone also is an amplifier, 
although of a different sort. This device takes in power in the form of 
sound waves and sends off a much greater power in the form of voltage 
and current, and is thus a converter as well as an amplifier. 

It is to be noticed that a transformer, which, by virtue of the different 
numbers of turns in the two windings, raises the voltage of the power 
supply, is not an amplifier. The amount of power which can be taken 
from the secondary of a transformer is less than the amount supplied to 
its primary, hence it really is an attenuator even though it does increase 
the voltage many times. 

The scheme of amplification measurement which is now universally 
used in electrical communication, and sound measurement, is based upon a 
logarithmic series, and the unit of amplification is taken as the bel. A 
device gives an amplification of one bel when the two powers P; and P2 
have a ratio of ten. The number of bels amplification is given by the 
logarithm, to the base ten, of the power ratio. Thus 


Number of bels = logio = Lyd oo ye he 

Formerly the communication engineer used the mile as his unit of 

attenuation or amplification. A certain type of telephone cable, made 

exactly according to fixed specifications, was used to attenuate P2 to bring 

it down to the P; level (or vice versa). The number of miles of cable 

required to thus equalize the two powers was given as a measure of P2 
in terms of P. 

Now the bel is too large a unit for many purposes, so the decibel (db) 

is always used as the unit of amplification. As this unit is quite evidently 
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one-tenth of a bel we have, as the fundamental definition of the present 
amplification scale, 


Ved 
Number of decibels = 10 logio 5 a a eee 
1 


The decibel (formerly called the transmission unit and abbreviated T.U.) 
is practically the same as the formerly used mile of attenuation. It so 
happens that this unit, the decibel, has a physiological significance; if one 
sound is 1 db more powerful than another the average ear can just about 
detect that there is a difference. The louder sound has about 25% more 
power than the other. 

This rather large change in power required to affect the ear (and a 
similar effect exists with the eye) is probably due to the fact that the ear 
(and eye) are very flexible measuring instruments; as the stimulus exciting 
them increases they automatically cut down their sensitivity by some 
physiological adjustment. If it were not for this characteristic it would 
be impossible for them to respond, without discomfort, to such a great 
range of stimulus. Thus the ear can accommodate itself to weak sounds 
(and hear them satisfactorily) which have one-millionth as much pressure 
as the loudest sound that can be listened to without discomfort. Anyone 
familiar with ordinary measuring instruments knows that it is impossible 
to read on the scale any effect less than one-thousandth of full-scale read- 
ing; it thus appears that the ear and eye have a range in intensity response 
which is a thousand times as great as that of the ordinary meter. 

In Table VII-I are given the power ratio equivalents for a wide range of 
decibels. If one power is greater than another it is said to be wp so many 
db, or plus so many decibels; if it is smaller it is down or minus so many 
decibels. Thus 5 watts, compared to 1 watt, is 7 db up or +7 db; and 
1 watt, compared to 5 watts, is down 7 db or —7 db. 

It will be noticed that this scale of amplification is based on power 
ratio, but it is often used also for voltage or current ratios, with the under- 
standing, however, that the two quantities compared are acting on (or 
through) the same resistance. Acting on the same resistance the power 
used varies as the square of the voltage so that if one voltage is ten times 
another the power will be 100 times as great. Hence if an output voltage 
is ten times the input voltage, the amplifier which is raising the voltage this 
amount is delivering 100 times as much power as it is taking in and is 
therefore giving a power amplification of 20 db. 

For power ratios not directly readable from the table the values there 
given are used just as are ordinary logarithms. If one power is 162 times 
another the decibel ratio is not directly readable. However, 162 is equal 
to 100 X 1.62; the decibels corresponding to a power amplification of 100 
is 20 and the decibels corresponding to a power ratio of 1.62 is 2.1, so the 
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TABLE VII-I 
Powerr Ratio Power Ratio Power Ratio 
Number Number Number 

of db of db of db 

Gain Loss Gain Loss Gain Loss 
0.1 1.023 0.977 3.6 2.29 0.437 Tok 5.13 0.195 
0.2 1.047 955 Oya f 2.34 427 Ted 5.25 -191 
0.3 1.072 .933 3.8 2.40 417 7.3 5.37 . 186 
0.4 1.096 .912 3.9 2.45 .407 7.4 5.50 . 182 
0.5 1.122 891 4.0 2.51 .398 7.5 5.62 .178 
0.6 1.148 871 4.1 2.57 .389 7.6 5.75 .174 
0.7 1.175 851 4.2 2.63 .380 CO 5.89 .170 
0.8 1.202 .832 4.3 2.69 372 7.8 6.03 . 166 
0.9 1.230 813 4.4 2.75 .363 7.9 6.17 . 162 
1.0 1,259 794 4.5 2.82 355 8.0 6.31 .158 
#1 1.288 .776 4.6 2.88 .347 8.1 6.45 .155 
1.2 1.318 .759 4.7 2.95 .339 8.2 6.61 -151 
1.3 1.349 741 4.8 3.02 331 8.3 6.76 .148 
1.4 1.380 .724 4.9 3.09 324 8.4 6.92 .144 
1.5 1.413 708 5.0 3.16 .316 8.5 7.08 .141 
226 1.445 692 5.1 3.24 .309 8.6 7.24 .138 
BY i 1.479 .676 5.2 3.31 .302 Sire 7.41 .135 
1.8 1.514 661 5.3 3.39 295 8.8 7.59 .132 
1.9 1.549 645 5.4 3.47 .288 8.9 7.76 .129 
2.0 1.585 631 5.5 3.55 . 282 9.0 7.94 .126 
Qt 1.622 .617 5.6 3.63 275 9.1 8.13 .123 
2.2 1.660 .603 5.7 3.72 . 269 9.2 8.32 .120 
2.3 1.698 . 589 5.8 3.80 .263 9.3 8.51 .118 
2.4 1.738 575 5.9 3.89 257 9.4 8.71 wELS 
2.5 1.778 - 562 6.0 3.98 251 9.5 8.91 .112 
2.6 1.820 550 6.1 4.07 245 9.6 9.12 -110 
DAY 1.862 . 537 6.2 4.17 .240 Sere 9.33 LOZ 
2.8 1.906 525 6.3 4.27 234 9.8 9.55 . 105 
2.9 1.950 513 6.4 4.37 -229 9.9 9.77 .102 
3.0 1.995 501 6.5 4.47 224 10.0 10.00 .100 
38.1 2.04 .490 6.6 4.57 219 20.0 100 .O1 
3.2 2.09 .479 6.7 4.68 214 30.0 1,000 .001 
3.3 2.14 468 6.8 4.79 . 209 40.0 10,000 .0001 
3.4 2.19 .457 6.9 4.90 - 204 50.0 100,000 .00001 
3.5 2.24 .447 a0 5.01 -200 60.0 1,000,000 . 000001 


decibel number corresponding to a power amplification of 162 is 20 + 2.1 = 
22.1 db. Again, if a power of 1 watt is attenuated to 2 millivolts the power 


ratio is 0.01 X 0.2, and each of these can be taken from the table. 


case it is 20 + 7 = 27 db down or —27 db. 
7-8. Reference Power for Amplification Table.—The decibel table given 
above rates one power in terms of another but of course tells nothing 


about the amount of power involved. 


In this 


“ Zero level’’ has been taken in 


communication measurements as 0.006 watt, 0.010 watt, and 0,012 watt, 
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but is now apparently to be taken as 0.001 watt.* On this power basis if a 
telephone channel is 10 db up its power is 0.01 watt; if it is 15 db down 
it is 0.0000316 watt. 

More recently it has been suggested that the minimum power detectable 
by the ear be taken as the reference level, but up to the present it has not 
been adopted. 

In rating microphones, zero level is taken as the output of a micro- 
phone which delivers 1 volt (open circuit) when the sound wave has a 
pressure of 1 dyne per sq cm (1 bar). A certain microphone, e.g., is rated 
at 5,000 cycles as —48 db and it is also given as 0.004 volt. Now 4 milli- 
volts on a certain resistance will develop 0.000016 as much power as will 
1 volt, and this power ratio is 10-4 X 0.16. The first factor corresponds to 
40 db down and the second to about 8, so that 0.004 volt is 40 + 8 = 48 lb. 
down, so the two calibration figures are in agreement. One transmitting 
antenna is said to be 17 db above another; the 10 db give a power ratio 
of 10 and the 7 db give a power ratio of 5, so the power ratio is 10 X 5 = 50. 
The power picked up by an antenna varies with the square of the field 
strength. The value of 1/50 = 7.07, hence we find that the 17-db antenna 
gives a radiation field at a certain distance away which is 7.07 times as 
intense as the other with which it is compared. 

7-9. Radio-frequency Amplification.—All radio broadcasting stations 
carry the same audio frequencies, namely, all the frequencies in the audible 
range. These frequencies are carried as modulations of the radio fre- 
quency which the station is sending out; the audio frequencies are not 
actually present as such but are obtained from the modulation after the 
detector has functioned. 

The only means of selecting one station from another depends upon 
the different radio frequencies sent out, and so it follows at once that any 
selection between stations must be made before the radio frequency is 
eliminated by the detector action. 

With coils having a power factor of about 1%, as is the case with the 
average radio receiver, one tuned circuit will not give sufficient selectivity 
to eliminate interference with the broadcasting channels crowded as they 
are today. It requires at least three tuned circuits, in cascade, to give 
the required selectivity. 

The ordinary arrangement of these three circuits is shown in Fig. 7-12. 
The antenna circuit is generally not tuned (although a few radio receivers 
do have tuning means for this circuit). It is coupled tightly to the tuned 
input circuit of the first r-f triode. The second tuned circuit is the input 
circuit of the second r-f triode, which is coupled about 50% to the plate 
coil of triode 1. The third tuned circuit is the input circuit of the detector, 
coupled to the output circuit of the second r-f triode. For the broadcast 

* Everett, “ Communication Engineering,” McGraw-Hill Book Corn1932) 
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frequencies the coils Li, Lz, and Lg are each about 200 uh, requiring that 
the tuning condensers have a capacity of about 0.0003 uf. These con- 
densers are all arranged in the same shaft or are coupled mechanically 
in some way, for operation from a common control. The antenna coil 
and the plate circuit coils have about 10 wh or less, generally wound with 


lewenen 


Fie. 7-12.—Ordinary arrangement of tuned r-f amplifier. 


fine wire. Their resistance plays only a very minor role in the tuning of 
the set, and the fine wire offers some advantages, mechanical and electrical, 
over a normal-sized wire. 

7-10. Difficulty in Radio-frequency Amplification—The circuit of 
Fig. 7-12 does not operate as well on the set as the simple foregoing 
analysis would indicate. There is a 
very strong tendency for the triodes to 
set up oscillations in the tuned circuits, 
so strong, as a matter of fact, that 
unless special precautions are taken to 
prevent them the oscillations will be 
so violent as practically to paralyze 
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the amplifier; it is ‘‘dead”’ so far as 
amplifying some incoming signal is 
concerned. 

There are two factors which con- 
tribute to the setting up of these 
oscillations, the magnetic and capaci- 
tive coupling from one tuned circuit 


Fria. 7-13.—Coils of the various stages 
of an r-f amplifier should be arranged 
at proper angles with one another if 
magnetic coupling is to be avoided. 
In modern sets, of course, copper 
cans are placed over the coils, to 
confine their magnetic fields. 


to another, due to their arrangement and proximity, and the capacity 
between the grid and plate of the triodes themselves. 

The magnetic coupling between the coils of the several tuned circuits 
can be effectually eliminated by either of the arrangements indicated in 


Pig. 7-13. 


In the scheme shown in (a) the three coils, of approximately 


the form shown, can be arranged to have zero mutual inductance if their 
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axes are placed at an angle of about 58° to the common base line. The 
exact angle will depend upon the form of coil used. 

In the arrangement shown in (b) the three coils have their axes respect- 
ively at 90° to each other. Neither of these arrangements will eliminate 
the electric (capacitive) coupling between the different circuits. One 
method of eliminating this, at the same time as the magnetic coupling is 
eliminated without either of the schemes shown in Fig. 7-13, is to enclose 
the coils entirely in individual, grounded, copper cans. These cans must 
not fit too closely around the coils as they would spoil the tuning qualities 
of the circuit if they did. 

7-11. Neutralization of Inter-electrode Capacitive Coupling.—The 
inter-electrode (grid to plate) capacity of the triode itself is more important 
then either of the other two effects mentioned above. This capacity is 
about 10 uf in the average triode, not much, to be sure, but sufficient to 

1 render the amplifier useless unless 
= | meets properly guarded against. This ca- 
pacity permits the plate circuit to 
A induce a voltage back into the grid 
circuit, and such a _ regenerative 
feed-back may cause oscillations, as 

analyzed in Chapter IV. 
| One method of nullifying the 
action of this feed-back path is to 
insert in series with the grid of each 

f 

Fie. 7-14.—Showing the circuit ele- 


1 tube a high resistance, say 1,000 
ments which produce undesired oscilla- 


ohms or more. In Fig. 7-14 the 

grid to plate capacity of the triode 

tions in an r-f amplifier. is shown by the dotted lines; in 

series with the grid the resistance R 

has been inserted, and it is seen that any energy which the plate sends 

to the grid circuit must flow through this resistance. The resistance is 

not in series with the tuned circuit, it will be noticed, and so has no 

appreciable effect on either the tuning of the receiver or its response to 
signals. 

In another stabilizing scheme which has been used the normal potential 
of the grid is adjustable by a potentiometer connection to the filament 
circuit battery; by adjusting the potentiometer to make the grid somewhat 
positive, with respect to the negative end of the filament, the effective 
resistance of the tuned circuit is increased to such an extent as to inhibit 
the oscillations. The potential of the grid should be manually adjustable 
if best results are to be obtained; the tendency to oscillate is much greater 
when the tuned circuit is adjusted for high frequency than for the lower, 
so the potential of the grid should be correspondingly altered. 
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The scheme most generally employed is to use an additional small 
condenser, suitably connected, so that two equal and opposite voltages are 
set up in the grid circuit when the plate voltage fluctuates. One scheme 
is shown in Fig. 7-15, the tuning coil L being tapped for the filament connec- 
tion at its mid-point. The small con- 
denser Cz has the same capacity as tI 
the condenser Ci, the capacity be- n 
tween grid and plate of the triode. 

When the plate fluctuates in volt- 
age it induces one voltage into the 
grid circuit through condenser C; and 
another equal voltage through C2. 
These two voltages tend to set up 
currents in the oscillatory circuit 
L-C in opposite directions; these two 
effects being equal to each other, no Cy 
current at all is set up. Fie. 7-15.—The original neutralizing 

In case point B is not at the circuit; condenser C2 is the neutraliz- 
middle of the coil L the capacity of C2 te One 
must be different from that of C1; the fewer the turns between B and C, 
the larger must C2 be. 

In another scheme, slightly different in arrangement but having the 
same action as that described for Fig. 7-15, there is an auxiliary coil 

added to the plate coil, as shown in Fig. 7-16. 


= The normal plate coil A—B is extended by the 

= section B-C, this being a continuation of the 
winding A-B. The coil B—C is preferably coupled 

ats very tightly to the coil A-B. The condenser C2 
err is added also to the normal circuit; the size of this 


Fic. 7-16.—An arrange- condenser is so chosen that its capacity multi- 
ment electrically equiv- plied by the number of turns in B-C is equal to 
alent to that of Fig the product of the capacity of C; multiplied by 
7-15; the added coil, : 2 
Ge ecihe piatecde- the number of turns in A-B. As actually carried 
cuit should be coupled Ut, this relation is satisfied by making the 
tightly to coil A-B. neutralizing condenser adjustable; after the set is 
Coil B-C and con- assembled the neutralizing condenser is set at 
denser Co constitute that value which prevents oscillations. Either 
ie reupalieig SUCHE = ti 6 large or too small a value of Cz permits the 

setting up of oscillations; the proper value is found by trial. 

Still another form of circuit for neutralizing the effect of the inherent 
capacity C; is shown in Fig. 7-17. Here the extra, neutralizing, condenser 
C2 is connected between the grid and a point of the coil in the tuned circuit 
coupled to the plate coil. The point in this coil is so chosen with relation 


of QO0QVQ0000 
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to the capacity of C2 that the voltage induced into the grid circuit through 
condenser C2 is just equal and opposite to that induced into it through the 
interelectrode capacity Ci. The arrangement of a commercial form of 
neutralized, two-stage radio-frequency ampli- 
fier is shown in Fig. 7-18. Of course, all 
three tuning condensers are adjusted by a 
single control. 

Sometimes regeneration may be used in 
the second stage of a two-stage neutralized 
abineee the neutedliaine amplifier; thus in the arrangement of Fig. 
condenser C; to a point of 7-18 a tickler coil is inserted in the plate cir- 
suitable potential in an- cuit of the detector tube and the coil is mag- 


other triode circuit to ob- netically coupled to the tuned input circuit of 
tain neutralization. The the detector. 


only requirement is that : ? : 
the PolentOk oF thé voit Such use of regeneration is not subject to 


selected be 180° out of the same objection as that made when dis- 
phase with the plate poten- cussing Fig. 7-3. If the circuit of that figure 
tial, so that the voltages should be made to oscillate, on account of 
set up in the grid through — to much tickler coupling, all the neighboring 
condensers C, (the Coy of li id ba bothered be the okie 
the. driode)). and. shall isteners wou e bothered by the whistling 
just neutralize each other. 2Ote there mentioned, as the antenna would 
radiate high-frequency power. But if the 
arrangement of Fig. 7-18 should oscillate no trouble would be caused 
the neighbors; because of the two neutralized stages between the oscillat- 
ing detector and the antenna, no r-f disturbance could find its way back 
into the antenna circuit. 


Fie. 7-17.—It is possible to 


6 if 


- ° L£ o a 
—A +A 4.5 +90 AAA 0.5 ut 


B =.0015 f 
Fie. 7-18.—A commercial set (aeroplane direction indicator) using the neutralizing 
scheme of Fig. 7-17; condensers marked Cy are the neutralizing condensers. 


+45 V — 22.5 +135 


7-12. Screen-grid Sets Require no Neutralization—As was pointed 
out in section 4-41 the screen-grid tetrode has a negligible capacity between 
control grid and plate; Table IV-I brings out this point very well. 
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Hence a r-f amplifier can be made with screen-grid tubes, and no neutraliz- 
ing condensers are needed. This type of tube, however, has a very high 
plate-circuit resistance so that the load circuit seldom matches the tube 
resistance very well; a parallel resonant circuit permits quite a high re- 
sistance to be obtained at the frequency for which it is tuned, so this type 
of load circuit is commonly used. Fig. 7-19 shows the arrangement of 
apparatus in a broadcast receiver which uses screen-grid tubes; the plate 
circuit of each of these tubes contains a r-f choke coil Ly, and coupled 
across these coils by the small condensers C5, are tuned parallel circuits, 
I-C. 

7-13. The Superheterodyne, or Double-detection, Receiver.—In 
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Fie. 7-20.—Completely shielded, filtered, superheterodyne receiver for short waves; 
the first detector is also the oscillator, as it is not worth while to use a separate 
¢ sillator when receiving short waves. 


ab other type of r-f amplifier the r-f current is brought down to a-f current 
in two steps, instead of one. As evident from the above discussions it is 
not easy to construct a good r-f amplifier for, say, 1,000 ke, but the same 
instability does not exist in an amplifier designed for 50-ke current. The 
tendency to self-oscillation decreases as the frequency for which the circuit 
is tuned becomes lower. Thus if the broadcast frequencies were as low as 
50 ke very little trouble would be experienced from the tendency of the 
tuned circuits to oscillate as a result of the inter-electrode capacity of the 
triodes. ‘The superheterodyne receiver takes advantage of this fact by 
first reducing the broadcast frequency, of approximately 1,000 ke, to a 
much lower one, say 50 ke, amplifying the lower-frequency current in 
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several tuned stages, and then reducing this frequency to the audible range. 
This scheme evidently requires two detector tubes, one to reduce the 1,000 
ke to 50 ke and another to reduce the 50 ke to audible frequencies. This 
accounts for the name double-detection receiver. 

The intermediate-frequency amplifier uses two tuned, loosely coupled 
circuits for repeating from one tube to the next; this scheme amplifies 
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Fig. 7-21.—A modern superheterodyne receiver for broadcast signals. The local 
oscillator impresses its voltage between cathode and ground of the first detector; 
the circuits are designed to give a beat frequency of 175 ke, for which the one 
stage of the i-f amplifier is tuned. The second detector is a triode, connected, 
however, as a diode; no voltage other than the signal is used in this diode detector 
input circuit. The rectified current, due to the signal voltage, flowing through 
the one megohm resistor, gives the a-f voltage which is supplied to the fst a-f 
amplifying triode. A pair of pentodes, in push-pull arrangement, give plenty ot 
output power. 


equally well quite a band of frequencies and so amplifies equally all those 
frequencies necessary to give good a-f reproduction. 

At first the difficulty of getting stable r-f amplification at high frequen- 
cies resulted in the intermediate frequency being 50 ke, then 180 ke was 
adopted as standard, using screen-grid tubes which eliminated the plate- 
erid feed-back. The present tendency is to use a much higher value for 
the intermediate frequency. 

In Fig. 7-20 there is shown a superheterodyne set for receiving a radio- 
phone signal at 30-meter wavelength, and in Fig. 7-21 is shown a modern 
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broadcast receiver using an i-f amplifier. In this set the local oscillator 
impresses its frequency in the first detector between cathode and ground, 
and not directly in the tuned input circuit. More recently a multiple 
grid tube is used for the first detector; the local oscillations are generated 
by circuits connected to two of the grids, and the incoming signal to 
others; Fig. 7-22 shows a type 2A7 tube used in this way. 

The frequency of the oscillating detector is so adjusted as to give, with 
the carrier wave of the desired signal, a beat frequency equal to that for 
which the i-f transformers are tuned. Signals differing from the desired 
one by 10 ke will then give a beat note either 10 ke higher or 10 ke lower 
than this, and the i-f amplifier will not appreciably amplify a frequency 
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Fig. 7-22.—A modern multi-electrode tube connected as the oscillator-detector 
for a superheterodyne circuit. 


differing this much from its normal frequency, hence these other signals 
give n9 inttrference with the desired signal. 

Tne output of the i-f amplifier is supplied to another tube, used as 
detector; if continuous-wave telegraphy is being received this last tube 
will be an oscillating one, generating such a frequency as will, when com- 
bined with that coming through the i-f amplifier, give an audible beat note. 

In case a radio-telephone signal is being received the last detector tube 
should not be an oscillator; the modulation which was carried by the signal 
wave is passed along to the i-f current and so carried through the i-f ampli- 
fier. The detector action of the last tube then removes the i-f current 
leaving for the phones the modulation frequency of the received signal. 

7-14. Action of the Superheterodyne Receiver.—Suppose the circuit 
is as shown in Fig. 7-20, the i-f amplifier being resonant at 50 ke. If a 
signal of 1,000 ke carrier is being received the first oscillating detector 
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would be made to oscillate at either 950 ke or 1,050 ke; either of these, 
beating with the 1,000-ke carrier, would give a beat frequency of 50 ke, 
which is then ‘“ detected ”’ and supplied to the ‘‘ input ”’ of the i-f amplifier. 

The voice modulation, which was being carried by the varying ampli- 
tude of the 1,000-ke wave, will be automatically passed along to the 50-ke 
carrier, so that going through the i-f amplifier there is a voice-modulated 
50-ke current, that is, a 50-ke carrier with side bands, these being of the same 
frequency width as they were on the signal current. 

If the i-f amplifier is too sharply tuned the upper parts of the side 
bands (that is, the consonants) are eliminated and the reproduction is 
drummy. And if the tuning of the i-f amplifier is too broad it will send 
through the beat frequencies produced by the local oscillator and some 
undesired signal, giving, say, a beat frequency of 40 ke or 60 ke. 

There are two disadvantages to the ordinary superheterodyne receiver, 
which can, however, be easily remedied. For a given signal there are 
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Fria. 7-23.—A simple short-wave receiver for telegraph signals. 


iwo settings of the local oscillator which serve equally well to bring in the 
desired signal; and next, for any setting of the local oscillator there are two 
signals (the desired one and another) which give the same beat frequency 
and hence amplify equally well in the i-f amplifier. By utilizing suitable 
filter circuits both of these defects can be overcome. 

7-15. Short-wave Receivers.—It is not feasible to amplify very effi- 
ciently frequencies of 5,000 ke and above; stray capacities tend to short- 
circuit the signal to ground. In Fig. 7-23 is shown a circuit much used for 
short-wave telephony and telegraphy. In general, it pays to immediately 
change the high-frequency signal to a lower one by heterodyne action, 
before trying to amplify it, as is done in the receiver of Fig. 7-20. 

7-16. Selectivity of Receivers and Effect on Quality.—The r-f amplify- 
ing circuits of the broadcast receiver are put in for the double purpose of 
amplifying the desired signal and selecting this signal from others. The 
tuned circuits naturally amplify best the frequency for which they are 
tuned; frequencies differing from the tuned frequency are amplified less 
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as they differ more from the tuned frequency. This follows from the form 
of the resonance curve (see Fig. 2-8). 

If we then take as unity the amount of amplification of the desired 
frequency, namely, that for which the circuit is tuned, all other frequencies 
are amplified less than unity; the engineer says they are so many decibels 
“down.” 

If for example the power of the tuned frequency is increased 10,000 

times, this amount of amplifi- 
Kilocycles from Resonance s . 2 

0 10 20 30 40 50 cation is taken as unity. Sup- 
| pose that a frequency differing 
5 ke from the tuned frequency 
is amplified only 100 times, then 
its amplified power is only 1/100 
as much as the tuned fre- 
quency. Referring to Table 
VII-I (p. 241) we see that a 
power ratio of 100 is equal to 
20 db so that this frequency, 
5 ke off resonance, is 20 db down. 
Suppose that a frequency 10 ke 
off resonance has its power am- 
plified only 10 times; its power 
would be only 1/1,000 that of 
the tuned frequency and it 
would be 30 db down. 

The selectivity characteristic 
Fre. 7-24.—Comparison of selectivity char- Of a receiver is therefore given 

acteristics of various types of receivers. by plotting its power amplifica- 
A =single tuned circuit. B= coupled tion for various frequencies dif- 
tuned circuits, non-regenerative. C = sin- fering from the tuned frequency. 


gle tuned circuit regenerative. D = three ; : 
tuned r-f stages. H = superheterodyne, Naturally a set having three 


two stages. F = ideal selectivity curve. tuned stages is more selective 
than one having only one tuned 

stage; a regenerative single circuit set is more selective than a non- 
regenerative single circuit set, ete. In Fig. 7-24 are given the experi- 
mentally determined selectivity curves of several of the different types of 
receivers, the tuned frequency for all sets being the same, namely, 900 ke. 
If we assume that the range of frequencies required for accurate speech 
and orchestral reproductions is 10,000 cycles, the ideal receiver would show 
the same amplification for all frequencies in this range. Thus the carrier 
and all frequencies in the band from 10 ke higher to 10 ke lower would be 
amplified alike. And of course all frequencies outside this band should 
not be amplified at all, so as to eliminate interference. Such a selectivity 
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is ideal; the power amplification of such a receiver is shown in Fig. 7-23, 
and labeled ‘‘ideal selectivity.”’ 

These curves show how bad the performance of the average broadcast 
receiver really is. The single-circuit non-regenerative set gives practically 
the same amplification over the 10-ke band, but is very broad in its tuning 
and so permits other signals, even 60 ke different from the desired signal, 
to interfere seriously. 

The most selective receiver is the superheterodyne; the one used in 
getting this curve is seen to be so selective that it cuts off practically all the 
higher frequencies in the audible range. As power varies with the square of 
the current, it can be seen that a power ratio of 20 db means a current ratio 
of 10to1. From the curve of Fig. 7-24, then, it can be seen that the super- 
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970 980 990 1000 1010 1020 1030 
Frequency in kilocycles 
Fig. 7-25.—A pair of coupled tuned circuits give a resonance curve of this form. 


heterodyne receiver, and those using two or three stages of r-f amplification, 
will amplify a 905-ke current only 10% as much as they will the 900-ke 
current. This means that voice frequencies of 5,000 vibrations a second, 
the consonant sounds, come through such a receiver with only 10% as 
much amplification in current, or only 1% as much amplification in power, 
as the low voice frequencies, that is, the vowel sounds. 

It is because of this characteristic that speech from a radio receiver 
is less distinct than the original; as a woman’s voice is higher pitched 
than a man’s this action of the tuned circuits is more serious in rendering 
indistinct a woman’s voice than a man’s. Roughly the consonants of a 
man’s voice extend into the frequency range 3,000 to 6,000 whereas those of 
& woman’s voice reach as high as 6,000 to 8,000. To offset this serious 
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defect of the ordinary receiver, attempts are now being made to shape the 
receiver’s selectivity curve more in accordance with that curve of Fig. 7-24 
labeled “‘ Ideal selectivity.” 

7-17. Use of Coupled Tuned Circuits between Triodes.—It was shown 
in Chapter II that, if a coil in series with a condenser has impressed a 
voltage fixed in magnitude but variable in frequency, the current varies 
in magnitude with frequency, being a maxi- 
mum when the frequency is such as to make 
the inductive reactance equal to the capacitive 
reactance. Plotting the different values of 
current against the corresponding frequencies 
gives the well-known resonance curve, one of 
which is given in Fig. 2-8. 


2 t I % . . 
a0 980990 1000 1010 1020 1080 If now two tuned circuits are coupled 
i a ll hn Eg together magnetically as indicated in Fig. 2-26 


Fie. 7-26.—If the coupling and a variable-frequency voltage is impressed 
between the two circuits pon one of them the resonance curve ob- 
used in getting the curves : : : 2 

: as oe tained is peculiar in form. The resonance 
of Fig. 7-25 is diminished, re 
the two resonance humps CUrve, for both circuits, shows two resonance 
move closer together. ‘“humps,” as indicated in Fig. 7-25. In this 

figure the form of primary current (the Z;—C 
circuit of Fig. 2-26) is shown in full lines and the current in the secondary 
circuit is shown by the dashed curve. 

If now the two coils Zi and Lz of Fig. 2-26 are moved farther apart, 
so that the mutual induction between them is less, and the resonance 
curves are again obtained they will look like those given in Fig. 7-26. 
The two resonance humps have moved closer together, and in the secondary 


paps eas 2x) 


Fie. 7-27.—The use of coupled tuned circuits in an r-f amplifier gives band selectivity. 


circuit have actually merged together to give one resonance hump, some- 
what flatter than the resonance hump of a single resonant circuit. 

Now a resonance curve of this form is exactly what is wanted in the 
r-f amplifier of a radio receiver. If the resonance hump extends, prac- 
tically flat, for about 5 ke either side of the carrier frequency, then the 
consonants and high musical notes are not discriminated against as they 
are in the ordinary receiver, as shown in Fig. 7-24. Some modern receivers 
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are using this scheme to give more nearly uniform amplification, in the 
r-f stages, of all the voice frequencies. One form of the idea is shown in 
Fig. 7-27; the coupling between the coils of the r-f transformers is rather 
weak, about 1%. This means that the mutual inductance M, between 
the two coils of the transformer L; and La, is given by the relation 


Wise OOLV Lake 


The value of M should be variable over the broadcast range if it is 
desired to get the same selectivity for long as for the short waves. For the 
600-ke setting the coupling between L; and Lz should be two and one-half 
times as much as it is for the 1,500-ke setting. Obviously the same 
mechanical movement which adjusts the setting of the condensers can also 
be used to bring about this change in M. Of course capacitive coupling of 
the two circuits can also be employed; in this case the coupling condensers 
of suitably shaped plates can be mounted on the same shaft as the tuning 
condensers; all of these must be on the same shaft, as otherwise the 
adjustment of the set is too laborious an operation. 

7-18. Cverloading the Detector Tube Causes Distortion.—After the 
signal has been brought through the r-f amplifier without distortion 
(all frequencies amplified equally well) it may still be spoiled either by 
the action of the detector tube or by the a-f amplifier. The detector tube 
will very seriously distort the signal if the r-f signal impressed on its grid 
circuit is too strong; the r-f signal, for a triode using grid rectification, 
should not be more than about one volt in amplitude, unless some special 
arrangement has been made to avoid distortion. 

If plate-circuit detection is used, there being no condenser in series with 
the grid, and suitable plate voltage and grid bias are used in the plate cir- 
cuit, the signal may be many times as strong without bringing in severe 
distortion. Of course such an arrangement of the detector tube is not as 
efficient (as detector) as the grid-condenser, grid-leak arrangement. 

With diode detection at present used in many receivers, no voltage of 
any kind, except the signal voltage, being used in the diode circuit, it 
seems that practically distortionless detection can be had for signals of 
20 volts or more. 

7-19. Requirements for Good Audio-frequency Amplification.—In 
receiving a radio-telegraph signal, the requirements of the a-f amplifier 
are very simple; only one musical note is to be amplified, and is generally 
of about 800-1,000 vibrations per second. Even poorly designed trans- 
formers and circuits will amplify such a signal very well; if a transformer 
is used to repeat the signal from one triode to the next it may have a step-up 
ratio as high as 6 to 1, giving a voltage ratio per stage (triode plus trans- 


former) as high as 50. 
To amplify the voice, or orchestral selections, with fidelity is a much 
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different task. To preserve the natural quality of the voice the amplifier 
should respond equally (give the same amplification) to all frequencies 
from 100 to 8,000, and to preserve the quality of organ selections the 
amplifier must perform as well for a 50-vibration-per-second note as it 
does for any other. There are very few radio sets, even today, which 
give the proper reproduction of an organ program, and very few of them 
give the consonants of the voice in their proper relative intensities. 


; alles 

no f 

Fia. 7-28.—One stage of a-f trans- Fia. 7-29.—Stage of a-f amplifier 
former repeating amplifier. with choke-coil repeating circuit. 


If there is much interference from other broadcast channels, it may 
be advisable to have the a-f amplifier ‘‘ cut off’ at about 4,000 cycles; 
the effect on the fidelity of speech is not very marked, and much inter- 
ference is eliminated. 

7-20. Types of Audio-frequency Amplifiers.—Audio-frequency ampli- 
fiers are classified according to the kind of circuit used to take the power 
from the plate circuit of one triode and use this power to energize the 
grid of the next one. Probably 95% of the a-f amplifiers today utilize 
an iron-core transformer, having its primary in 
the plate circuit of one triode and its secondary 
between the filament and grid Vf the nex» triode, 
as indicated in Fig. 7-28. This is ealled a 
“‘transformer repeating” arnplifier. 

In another type an iron-core coil is used in 
FIA, 7-30.—Choke-eoil re. the Plate circuit and the reactance drop across 

peating with inductive this coil, produced by the fluctuating plate cur- 
“erid-leak” circuit. rent, is repeated to the next input circuit by 
means of a condenser C, as shown in Fig. 7-29. 

To maintain the grid at a suitable negative potential a small battery 
B is used in series with the grid leak R. In a modification of this 
scheme, shown in Fig. 7-30, the grid-leak resistance R of Fig. 7-29 is 
replaced by an iron-core inductance Lz. The L2-C circuit may be 
made to have a resonant frequency in the region of 50 cycles per second, 
and this condition will help the amplifier to care for the lower audio fre- 
quencies, say from 100 down to 50. Because of the iron core, and the fine 
wire used in the construction of coil Ls, the resonance of the Lo—-C circuit 
is rather flat, a condition desirable in this case. The coils of Fig. 7-29 
and both coils of Fig. 7-380 should each have at least 50 henrys of induct- 
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ance; in the case of Z; and LZ this inductance of 50 henrys is to be the 
value offered to a weak signal, when the plate current is flowing through 
the coil and so giving the core some average value of flux density, about 
which value the fluctuation in the plate current (i.e., the signal current) 
makes it vary. (For effect of plate current on self-induction of an iron core 
see Fig. 1-15.) 

In still another type of repeating circuit the coil of Fig. 7-29 is replaced 

by a resistance of suitable value; this is called ‘ 

a resistance repeating amplifier and is shown ce 

in Fig. 7-31. The resistance R; should be about R 
twice the alternating-current resistance of the RE F 
plate circuit of the triode; in other words, it i = 
‘should be about equal to the continuous-current 

resistance of this circuit. The leak resistance Fic. 7-31.—Stage of a-f 
should have about ten times the resistance of ®™plifier with resistance 
R, and the condenser C should have a reactance, “*P aa te 

for the lowest frequency to be repeated, low compared to the resistance R. 

7-21. Relative Merits of the Different Types of Amplifiers.—A properly 
proportioned resistance-coupled amplifier gives less signal distortion than 
either one of the others, as ordinarily built. However, the amount of 
B battery required is twice as much as either of the others, and the amount 
of voltage amplification per stage is about 70% as much as can be obtained 
from the inductance-repeating type and about one-fifth as much as is 
obtained from the transformer type. At the lower frequencies, say below 
100 cycles, the inductance-repeating type with the inductive grid leak 
gives two or three times as much amplification as does the resistance- 
coupled type. 

Because they have the same defects (as regards distortion) as the 
transformer type and as they give much less amplification than the trans- 
former type, and because they do not give as faithful a reproduction as 
the resistance type, the inductance-repeating type is seldom used. Because 
it gives so much greater a voltage amplification with less battery consump- 
tion the transformer type is nearly always preferred to the resistance- 
coupled type. 

7-22. Proper Design of Audio-frequency Transformers.—The iron 
used for the cores should have as high a permeability as possible, and 
low losses. The high permeability must exist for the comparatively low 
voltages which the signal usually impresses on the transformer; thus the 
transformer in the plate circuit of the detector seldom has a signal voltage 
in excess of a few volts. The primary inductance is about 50 henrys, so at 
100 cycles the coil has about 30,000 ohms reactance. Its effective resist- 
ance will be about 10,000 ohms, so the impedance will be about 31,000 
ohms and the current (alternating) for a signal of 1 volt will be about 
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30 microamperes. As the primary coil has about 6,000 turns this current 
represents a magnetizing force of 6,000 « 30 K 10-6 = 0.18 ampere-turn. 
And as the magnetic circuit is about 20 em long the magnetizing force is 
about 0.01 ampere-turn per centimeter. 

Now for such a low magnetizing force ordinary “ electric steel” has a 
permeability of a few hundred; the iron used in the best transformers 
today has a permeability, however, for these low magnetizing forces, 
of 500-1,000. 

The reactance of the primary coil, for the lowest frequency to be 
amplified, must be high compared to the resistance of the plate circuit 
of the triode. As this is generally about 10,000 ohms for the ordinary 
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Fie. 7-32.—Amplifying characteristics of various transformers; the scale of voltage 
amplification is for the transformer only. 


amplifying tube, and the transformer should repeat frequencies at least 
as low as 50 cycles, this makes advisable an inductance between 50 and 75 
henrys. 

If the transformer is to have a step-up ratio of three (about as much 
as is feasible) the secondary inductance will be about 500 henrys. With 
a leakage reactance of 10%, and a total capacity connected to the secondary 
(internal and external) of 15 uwuf, the transformer circuit will show reson- 
ance at about 6,000 cycles. The resonance is not very sharp because of the 
high resistance of the secondary winding. 

The amplification of some typical transformers is shown in Fig. 7-32; 
there are others available considerably better than these, and there are 
probably many poorer. The resonance peak in one of the transformers 
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occurs at 5,000 cycles, and it is evident from the form of this curve that an 
a-f transformer will not repeat frequencies much higher than its resonance 
frequency. 

By putting a copper band around the secondary winding the resonance 
peak is partly eliminated and is moved to a slightly higher frequency. 

A transformer built with better iron, and having its winding arranged 
in sections to cut down the internal capacity, shows a resonance peak as 
high as 7,000 cycles, and holds up its amplification much better in the 
lower frequency range. The curves given in Fig. 7-32 are for the trans- 
former only; the ‘‘ voltage amplification per stage ”’ has been divided by 
u, the amplification factor of the tube. 

7-23. Methods of Controlling Signal Strength._-There are two standard 
methods of controlling signal strength, one used for r-f amplifiers and the 
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others for a-f amplifiers. To increase or decrease the strength of a r-f 
signal the bias on the grids of the r-f tubes is either decreased or increased ; 
the variable-1 tubes (see p. 133) are always used when this system of 
signal control is employed. The bias may be controlled manually or 
automatically, the latter being the method nearly always used with 
broadcast receivers. Fig. 7-33 shows one method by which this automatic 
control is made to function in, codperation with a manual control. An 
extra triode used solely for volume control has the average value of its 
plate current increased when the signal on the detector grid increases, 
and this increase in plate current results in a greater drop in resistance R, 
and this in turn gives a greater negative bias to the grids of the r-f tubes. 
A manual adjustment, A, permits the limit of the automatic feature to 
be varied, and in Fig. 7-34 curves C and B show the action of this feature 
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of the control. This control of the r-f signal prevents “ overloading ” 
the detector tube, a frequent source of bad signals in broadcast receivers. 
The set in which this control was put gave the performance shown by 
curve A, when no volume control was used. With only 150 microvolts 
of r-f signal the detector started to overload, with consequent great dis- 
tortion of signal, whereas with the automatic volume control in operation 
ten times this strength of signal gave no overloading. 

The manual feature of the volume control is nowadays nearly always 
put on an a-f amplifier tube, instead of being combined with the r-f control, 
as shown here. 

To control an a-f signal a potentiometer scheme of varying the signal 
impressed on one of the grids is nearly always used. The speech amplifier 
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Fie. 7~35.—A combined delayed automatic volume control (DAVC) circuit, and 
noise suppressor control (NSC) circuit. 


of Fig. 6-21 shows this scheme used at V, and Fig. 7-21 shows this scheme 
of control used in supplying the detector output to the input of the first 
a-f amplifier tube. 

When using automatic volume control the amplification of the set rises 
to a maximum when there is a very weak, or no, signal present; thus, in 
changing the tuning from one station to another the extreme amplification 
of the set comes into play and gives much noise from static, power circuit 
hum, etc. To prevent this an extra circuit and tube (called a noise sup- 
pressor control tube, nsc tube, squelch tube, etc.), is used, which operates 
in such fashion as to reduce the effective amplification of the set to zero, 
when there is no carrier input to the detector. 

Fig. 7-35 shows a duplex diode, triode (type ’55) operating in con- 
junction with a type ’57 to give an automatic volume control, as well as a 
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noise suppression control. Diode a is the detector, the a-f drop across 
resistance R2 being passed on to the ’57 a-f amplifying pentode. Diode b 
draws current through the resistance R, if the peak value of the signal 
voltage exceeds the 14 volt drop through resistance Rs. The drop through 
this resistance is sent back to the r-f amplifier grids to control their ampli- 
fication; evidently this control will not start to operate until the detector 
signal reaches a prescribed value and it is therefore styled a delayed 
automatic volume control (davc). 

When there is no signal there is no drop across resistance Re and hence 
the grid of the ’55 tube is at zero potential, and its plate draws appreciable 
current through resistance R5. The drop through this resistance controls 
the negative bias on the grid of the type ’57 tube; with no bias on the ’55 
grid the drop in Rs is such as that the resulting bias on the ’57 grid com- 
pletely shunts off the plate current of this tube and the set is “‘ dead.” 
With a reasonable signal strength in the circuit of diode a, the ’55 grid is 
sufficiently negative to cut off the plate current of this tube, thus giving 
no drop through #5 and no negative bias on the ’57 grid and the set is 
operative. 

7-24. Proper Output Tube.—In the older designs of amplifiers the 
same type of tube was used in all stages, but no modern broadcast receiver 
follows this practice. 

A low-power amplifier tube draws a current of about 3 milliamperes at, 
say, 90 volts. This gives an input to the plate circuit of 270 milliwatts. 
The output to the loud speaker should not exceed about 10% of the 
input to the plate circuit, or the discerning ear will find signal distortion. 
The fraction 10% of course depends upon the quality of signal desired by 
the listener; in general it may be stated that the smaller the output the 
less is the signal distortion. 

The modern loud speaker requires about 50 milliwatts of power to 
give a signal suitable for ordinary purposes, and the tube feeding the 
loud speaker must be able to deliver at least 20 times the average power, 
during emphasized passages. In fact, the modern dynamic speaker, as 
it is used frequently for demonstration purposes, is taking power measured 
in watts, instead of milliwatts. 

If a speaker is to use 50 milliwatts on the average, and peak powers 
at least 20 times this amount, the output tube should be drawing from 
its battery at least 10 watts of power. Thus the output tube if connected 
to a 300-volt power supply its plate circuit should be drawing about 
50 milliamperes of current. This would be an input power of 15 watts, 
so there would be available, for the peaks of power demanded by the loud 
speaker, up to 2 or 3 watts, without objectionable distortion. 

In the accompanying table are given the possible outputs (without 
appreciable distortion) of the types of triodes used as output tubes: 
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TABLE VII-II 


Plate |Undistorted Plate Plate | Undistorted 
current, output, |/Type} volt- current, output, 
10-*amp| 10~* watts age 10-%amp| 10~* watts 

6.5 110 233 | 135 14.5 700 
5.0 35 238 | 135 9.0 550 
Coe 285 

350 45.0 2,400 
10.0 125 250 | 400 55.0 3,400 
17.0 400 450 55.0 4,600 
0 790 ——> : 

180 31.0 830 

10.0 400 245 | 250 34.0 1,600 

16.0 900 275 36.0 2,000 

18.0 1,600 SS 

250 
247 | 250 on} 16.5 31.0 2,700 


It will be understood, of course, that to get these outputs the load 
circuit must be resistive and of a suitable value, generally about twice as 
large as the a.c. resistance of the plate circuit. 

7-25. Necessity of Suitable Grid Bias.—The grid of an a-f amplifying 
tube should never draw appreciable current; this is one of the prime 
requirements if amplification is to be accomplished without distortion 
of the signal.* 

The potential of the grid of an amplifier is evidently fixed by the 
voltage of the signal superimposed upon whatever grid bias is used. Thus 
if the signal voltage is 1 volt (effective) the signal makes the grid fluctuate 
1.41 volts up and down around whatever its normal potential may be. 
If the grid bias is —4.5 volts the grid potential will fluctuate then 
between (—4.5-+ 1.4) and (—4.5 — 1.4) or between —5.9 and —3.1 
volts. Asa grid will not draw current unless the grid swings positive, this 
grid will draw no current. 

Now suppose the signal increases up to 4 volts (effective). The grid 
potential will now fluctuate between (—4.5 + 5.6) and (—4.5 — 5.6) 
or between 1.1 volts positive and 10.1 volts negative. During the short 
interval of time that the grid was positive it would draw current from the 
circuit to which it is connected, and this will result in signal distortion. 

* This statement, generally true, requires modification for certain push-pull amplifier 


tubes, such as a pair of 46 tetrodes. In these the grid is allowed to swing positive as 
much as 50 volts or more. 
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The more positive the grid swings the more is the distortion produced; in 
bad cases of this kind the listener is given the impression that the loud 
speaker is ‘rattling’; the rattle is not a mechanical rattle, but is the 
result of the loud speaker giving a response to the badly distorted signal 
current. 

The amount of bias used on the grids of the triodes of a well-designed 
amplifier increases with the successive tubes. In the r-f amplifier stages 
the signal is weak and little or no grid bias is required; generally a few 
volts are used. 

The first a-f triode may have a bias of 9 volts and the second a-f triode 
(generally the output tube) may use as much as 100 volts. 

Referring to Table VII-II, it is seen that a 210-type tube, with 250 
volts on the plate, should have a 22 grid bias; it can then stand a signal 
strength of 22/+/2 or about 16 volts before distortion due to grid current 
sets in. With this signal strength (16 volts effective) the possible power 
output is 400 milliwatts, about right for the ‘‘peak value” of a house 
signal. 

The type 250 triode, using a 450-volt plate supply and a 84-volt grid 
bias, could stand an input signal of 84/+/2 or 60 volts (effective) and would 
then deliver to the loud speaker an undistorted output of 4.60 watts. 

7-26. The Push-pull Amplifier—As has been mentioned before, the 
amount of power which a triode can deliver to the loud speaker is only a 
small fraction of the power input to its plate circuit, the reason being that 
as the signal output power increases beyond a certain amount the triode 
(even though its grid is drawing no current) will distort the signal. This 
is primarily due to the fact that the relation between plate current and 
grid potential is a curved line, not a straight line. 

By using two triodes in the output stage, instead of one, and connecting 
them in a special manner, push-pull circuit, part of this distortion due to 
the non-linearity of the plate current-grid potential curve is eliminated, 
and each of the triodes can deliver to the load more undistorted power 
than if it were used alone. 

For equal quality of signal the possible output of two triodes arranged 
in push-pull connection is about five times as much as the output of one 
tube used alone. It will be understood of course that the two triodes 
must be reasonably well matched, as to characteristics, if the advantage 
of the arrangement is to be obtained. 

The type 719 twin amplifier tube has two grids and plates in the same 
bulb, and is designed for push-pull amplification. But little, or no bias 
is used on the grids so that considerable excitation power is required. 

Push-pull circuits for a transmitter are shown in Figs. 5-16, 6-20, and 
6-23, and for the output circuit of a broadcast receiver in Figs. 7-19 and 
deol. 
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7-27. The Universal Receiver.—In Fig. 7-36 is shown a broadcast 
receiver using modern multi-electrode tubes throughout; the power supply 
can be either ac or de, with no changes whatever required in the set. 

There are two circuits taken from the power supply by the three-wire 
cord with which the set is equipped; one of the wires is of high resistance 
metal and has 175 ohms resistance, whereas the other two are ordinary 
copper cables. 

All heaters are connected in series with each other, and are supplied 
through this resistance wire of the cord; this resistance, combined with the 
five heaters in series, is sufficient to limit the current to 0.3 ampere, the 
current for which the heaters are designed. 

The double diode (25Z5) has its two plates connected together and the 
current through this valve goes through a one-section filter to the various 
grid and plate circuits of the set. In case direct-current power is used this 
rectifier performs no useful function, but uses up about 10 volts of the 
power supply needlessly. This is the disadvantage of having the set 
“universal.” 

The 6A7 oscillator-converter (sometimes called the oscillator-mixer) 
combines the signal and local oscillation to give an i-f of 470 ke, and the 
coupled input and output circuits of the ’78 pentode are all tuned to this 
frequency. 

The two valves of the 6B7 duplex-diode pentode are connected together 
to form a valve detector; there is no voltage in the detector circuit except 
the signal voltage. The rectified current set up in this circuit by the 
signal flows through the one-megohm resistor, the parallel condenser 
by-passing the radio frequency pulses. 

In parallel with the one-megohm resistor is the circuit consisting of 
the 0.006 uf condenser, the one-megohm “volume control” resistor and 
the 3,000-ohm resistor leading to the cathode. The audio-frequency 
voltage is tapped off from a slider on the one-megohm resistor to the control 
grid of the pentode structure. The 3,000 ohm resistor of the 6B7 tube 
gives a drop (due to screen and plate currents) large enough to properly 
bias the control grid. 

The 500-ohm resistance connected to the cathode of the ’43 serves to 
give the proper bias for its control grid. The screen and plate of this tube 
are both at about 85 volts with respect to the cathode, so that the sum of 
the plate and screen currents is 0.03 ampere. This current through 
500 ohms gives 15 volts bias on the control grid. The limiting signal 
input strength of about 10 volts gives an output of nearly one watt. 

Ordinarily these compact, universal receivers are fitted with two sets 
of receiving and oscillator circuits; by means of a switch either one can be 
used, one to cover the broadcast range and the other to cover the range 
from 75 to 200 meters. Either polarity of the a.c. line will of course 
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operate the set equally well, but if d.c. power supply is used the plug must 
be inserted in the line socket with the right polarity. 

7-28. Antennas for Broadcast Receivers.—A few of the broadcast 
receivers, particularly those of the superheterodyne type, use a loop for 
picking up their signals; perhaps ten turns of wire, wound on a frame 
about 18 in. square, picks up sufficient signal for the amplifiers to operate 
efficiently. 

All amplifiers are noisy, of themselves, to some extent; the electron 
emission from the filament is not exactly uniform, sometimes the electrical 
action in dry cells gives rise to noises, and if the power for the A, B, and C 
circuits is obtained from a rectified alternating-current supply there is 
always some residual hum, and also other noises set up by motors starting 
and stopping, lights being turned on and off, ete. 

These noises set up by electrical disturbances in the set constitute a 
background of noise which is amplified along with the signal; the signal 
must always be much louder than this background of noise, and it is the 
function of the antenna to pick up sufficient signal to satisfy this condition. 
If there were no background of noise an antenna a foot or two long or 
even none at all would be sufficient to pick up signals, or even the coils 
of the receiver itself would act like small loop antennas and pick up a 
signal, which, with great amplification, would operate the loud speaker. 

In order to keep the ratio of noise to signal as small as possible it is 
advisable to pick up as much signal as is convenient; the greater the signal 
picked up the less amplification is required (which in general means less 
distortion) and the less evident is the background of noise. 

Too long an antenna, however, makes it impossible to tune in broadcast 
frequencies, so a compromise has to be reached. A single-wire outdoor 
antenna about 50 ft high and 100-150 ft long makes the most suitable 
antenna in general; it should be reasonably well insulated, by small porce- 
lain knobs, and should run through a porcelain tube or other insulator 
where it enters the house. The ground connection for the antenna circuit 
should be made to the water-pipe system of the house. If such is not 
available a piece of pipe driven into the ground as far as possible (so that 
its lower end is in permanently moist earth) will serve. 

For an indoor antenna a few wires connected in parallel and fastened 
by insulators to the rafters of the house serve well as the top part of the 
antenna. The down lead can be a single wire running down inside the 
wall (for a wooden house) to the room where the radio receiver is located. 

In an apartment house, where an outside antenna is generally not 
feasible, a wire run around the room on the top of the picture molding 
generally works reasonably well; if the house is of steel construction it is 
sometimes impossible to get a signal of usable strength because of the 
absorption of the signals by the framework of the building. In such a 
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case the best signal will generally be obtained by running a wire up the 
wall, as close to one of the steel columns of the building as possible. The 
radiator makes a reasonably good ground for apartment-house installations. 

7-29. Power Levels in a Broadcast Receiver.—In Fig. 7-37 are shown 
the power levels in the various stages of a modern radio receiver using 
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Fia. 7-37.—Representative voltage levels in the various stages of a broadcast receiver 
using tuned r-f amplification. 


sereen-grid tubes for amplifiers, a ’27 type tube for detector, and power 
tubes for supplying the loud speaker. It will be noticed that the antenna 
itself picks up much more power from the 1,500-ke signal than from the 
600-ke, but by proper design of the first r-f circuit this inequality is 


eliminated. 


PROBLEMS 


CHAPTER I 


1. If there are 10% free electrons per cubic centimeter of copper, how fast are the 
electrons progressing down a wire having a cross-section of 1 sq mm, if the wire is carry- 
ing 10 amperes? (Charge on one electron—1.59 X 107° coulomb.) 

2. A galvanometer requires a current of 4 x 10-1° ampere to givea deflection of 
1mm. How many electrons flow through it per second when deflecting 2.3 mm? 

3. A milliammeter gives a reading of 1.25 milliamperes. If this current flows for 
one minute how many electrons pass a given point in the circuit? 

4. During one hour of operation how many electrons pass through a 10-ampere 
lamp? 

/~5. An electron, starting from rest, falls unimpeded through a potential difference of 
one volt. How fast is it going? (Mass of electron = 8.99 & 1078 gram.) 

,/-6. An electron, moving with a velocity of 107 cm per sec, falls through a difference 
of potential of 0.001 volt in the direction in which it is already moving, thus gaining 
additional velocity. What is its final velocity? 

7. The hot filament of a vacuum tube evaporates 2 X 101° electrons per sec. If all 
these electrons pass over to the plate (giving what is called plate current), what will a 
milliammeter in the plate circuit read? 

8. How many ergs of work are done in forcing 101° electrons against a counter 
voltage of 2.5 volts? How many watt-seconds? 

9. An electron evaporates from the surface of a filament with practically no velocity 
and goes over to the plate, which is 150 volts positive with respect to the filament. With 
what velocity does it strike the plate? 

10. Assuming 10” free electrons per cubic centimeter of copper, how long does it 
take for an electron to complete the round of a circuit composed of 1 million circular 
mil cable, the circuit being one mile long and carrying an average current of 100 
amperes? 

11. The latest type of vacuum tube ammeter will give 1.0-mm deflection with a 
current of 10~!7 ampere. How many electrons per second pass through it to give a just 
perceptible deflection (0.1 mm)? 

12. Assume that the mass of a copper atom is 100,000 times that of an electron, 
and that an electron, moving with a speed of 100 ft per sec, strikes a stationary copper 
atom, and that after rebound the electron has half of its original energy, and the atom 
has the rest. What are the speeds of the atom and electron after collision? 

13. A 110-volt, 60-cycle power line has what maximum potential difference? How 
many times per second does this occur? <A 25-cycle current having a maximum value 
of 500 amperes has what effective value? If the current in a radio antenna is 25 micro- 
amperes, with a frequency of 1,000,000 cycles per second, what is the maximum value 
of the curreat? 

14. A 500-cycle wave consists of a fundamental wave of maximum value of 2.6 
amperes, a 1,000-cycle component of 1.1 amperes (eff), and a 1,500-cycle component of 
0.8 ampere (max). What will an accurate a-c ammeter read? A d-c ammeter? 
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15. A 1,000-cycle oscillator, generating 6.2 volts (max), is in series with another 
generating 4.1 volt (max) of 5,000 cycles. (Connection similar to circuit of Prob. 1-13.) 
What will an accurate voltmeter read across both of them? 

16. If the output of an oscillator is known to consist of a fundamental voltage of 
118 volts (eff) and a third harmonic, and the voltmeter on the output terminals reads 
124 volts, what is the maximum value of the third harmonic? 

17. The output of a rectifier consists of a ce component and a 120-cycle pulsation. 
A d-c voltmeter reads 250 volts and an a-c voltmeter reads 262 volts. What is the 
percentage fluctuation in the output? 

18. The charging current of a storage battery reads 16 amperes on a d-c meter, and 
is known to have an approximately sine-wave fluctuation of 40%. What will an a-c 
ammeter read? 

19. The current output of a 60-cycle half-wave rectifier may be practically repre- 
sented by rectangular pulses, 0.82 ampere in magnitude and lasting 0.004 second. What 
will a d-c ammeter read? An a-c ammeter? 

20. If the circuit is changed to a full-wave circuit, each current pulse being the same 
as in Prob. 19, what will a d-c ammeter read? An a-c ammeter? 

21. The filament of a type 199 tube is 2 in. long, and has resistance (hot) of 50 ohms. 
If it is made of tungsten (specific resistance, when red hot, 16 times that of copper at 
room temperature) what is its cross-sectional area, in circular mils, and what is its 
diameter? 

22. The resistance of nickel is 6.2 times that of copper. What is the resistance of 
a nickel ribbon 8 in. long, 0.001 in. thick, and 0.08 in. wide? 

23. In the primary winding of an amplifying transformer, there are used 6,500 turns 
of No. 36 wire, average length per turn 6 in., and in the secondary 22,000 turns of No. 
40 wire, average length per turn 8 in. What is the resistance of each coil? 

24. The filament resistance (hot) of the output tube of a radio set is 4.2 ohms. If 
5 volts are impressed what current does the filament take? If it is desired to cut the 
current down to 1.00 ampere how much added resistance is necessary? If German 
silver wire 0.02 in. diameter is used how many feet of it are required, its specific resistance 
being 30 times as great as that of copper? 

25. The resistance of a certain tungsten lamp, when lighted, is 220 ohms, the tem- 
perature being 2,200 C. What is the resistance of the lamp at 20 C? 

26. Twenty-five feet of Calido wire is used in making a toaster which draws 7.3 
amperes from a 110-volt line, its temperature being 1,000 F. What is the diameter of 
the wire? (Assume temperature coefficient constant up to 1,000 F.) 

27. A hard-drawn copper wire 0.125 in diameter, has a resistance of 2.26 ohms at 
30 C. What is its length? 

28. How much No. 20 Calido wire must be used to make a rheostat which gives a 
drop of 110 volts when carrying 5 amperes, the temperature being 400 F? How much 
power would it draw from a 110-volt line when first connected? 

29. A 22.5-volt, 5-lb B battery is discharged intermittently at a rate of 50 milli- 
amperes. Its average voltage during the discharge period is 20 volts, and it costs $0.95. 
What is the cost of energy from this battery (per kilowatthour) and how does this com- 
pare with commercial rates? 

30. A 5-lb, 223-volt B battery, discharging intermittently at the 50 milliampere rate, 
compares how in weight per watthour of capacity with a 6-volt, 100-ampere-hour lead 
cell weighing 70 lb? 

31. A resistance of 6.2 ohms is in parallel with two others, each of 4.1 ohms. What 
is the circuit resistance? 

32. A charging current of 15 amperes is being sent through a storage battery which 
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has a resistance of 0.16 ohm and counter emf of 12 volts. At what rate is energy being 
wasted and at what rate stored? 

33. A resistance of 16,000 ohms is connected across the 180-volt taps, of a “B 
eliminator” unit. How many watts are being used in it? 

34. The voltage between the filament and plate of a vacuum tube is 350 and the 
current is 60 milliamperes. How much power is used in the tube? 

35. Calculate the inductance of a cylindrical coil 4 in. in diameter, the winding being 
2 in. long (axially) and there being 35 turns in the winding. Calculate the inductance 
in centimeters, microhenrys, and millihenrys. 

36. A coil 3 in. in diameter with a winding 2 in. long has an inductance of 200 micro- 
henrys. With how many turns per inch is the coil wound? 

37. If in the above coil the winding is pulled out (to space the successive turns) 
until it is 4 in. long; about how much will the inductance be? 

38. What is the reactance of a 200-microhenry coil at a frequency of 1,000 kc? Of 
the same coil for a frequency of 600 ke? At 1,500 ke? 

39. The inductance of the primary coil of an a-f transformer is 55 henrys. What is 
its reactance for a frequency of 40 cycles per second? For a frequency of 3,000 cycles 
per second? 

40. If 5 volts of each of the above frequencies is impressed on the coil how much 
current will flow (resistance being neglected)? 

41. A coil of 0.21 henry is connected in series with another of 0.195 henry; the 
coefficient of coupling is 0.27. What is the circuit inductance? (Two answers possible.) 

42. A coil of 20 wh is coupled 45% to another of 220 uh. What is M? 

43. The two coils of a r-f transformer, each having 5.2 mh inductance, are coupled 
32%. When connected in series what inductance will they show? 

44. In a by-pass condenser (as in Fig. 2-19) the waxed paper is 0.002 in. thick, the 
value of K is 2.2, and the width of the tinfoil plate is 3 in.; how long must be the tinfoil 
plates of a 1-uf condenser? 

45. In a semicircular variable tuning condenser there are seven moving plates and 
eight fixed ones. The radius of the plates is 2 in. and the distance between the moving 
and stationary plates is 4; in. What is its maximum capacity, in microfarads? 

46. If a 1-yf condenser is connected to a 110-volt 60-cycle line, how many milli- 
amperes of current flow? 

47. In a radio receiver the tuning condenser is set at the value of 0.000150 uf, the 
voltage impressed is 0.60 volt, and the frequency is 1,200 ke. How many milliamperes 
of current flow into it? 

48. The condenser formed by the grid and plate of an amplifying tube has'a capacity 
of 8 uuf. If the voltage between grid and plate is 5 volts, at a frequency of 20,000 ke, 
how many microamperes of charging current flow? 

49. The neutralizing condenser of a radio receiver is made of two pennies placed 
close together and parallel to each other. If the capacity must be 4 uuf how far apart 
must the pennies be? 

50. A variable condenser (0.00002 xf to 0.0005 uf) and two fixed condensers, of 
0.001 yf and 0.0001 uf, are available. What is the smallest, and largest, value of 
capacity they make available. 

51. If the above variable condenser is SLC, having divisions marked from zero to 
100, and the 0.001 uf is in series with it, what will be the calibration curve of the circuit, 
capacity vs. divisions? 

52. A coil of 0.6 henry and 30 ohms resistance is connected to a 110-volt 60-cycle 
line. How many amperes flow, and what is the phase difference of voltage and current? 

53. A coil having 50 ohms resistance, connected to a 110-volt 25-cycle line, draws 1.2 
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amperes. What are its reactance and inductance? What is the power factor of 
the coil? 

54. A condenser of 20 uf must be in series with how much resistance if it draws a 
current of 0.5 ampere from a 110-volt 60-cycle line? What is the power factor of the 
circuit? 

55. If a resistance of 5,000 ohms is in series with a condenser of 0.0001 uf and 5 volts 
at 400 ke is impressed on the circuit, how much current flows? 

56. A coil of 1.2 mh, with 0.82 ampere flowing through it, has how much stored 
energy? 

57. If the above coil has a resistance of 2.1 ohms what is its time constant, in seconds? 
If the coil is connected to a 6-volt storage battery what are the current and the stored 
energy, this number of seconds of time after the switch is closed? 

58. A condenser of 1-uf capacity is in series with a 1-megohm resistor. What is its 
time constant? If it is connected to a 110-volt line, how much charging current flows 
as soon as the switch is closed? 

59. A condenser of 250 uuf is in series with a 5-megohm resistor. What is its time 
constant? If the condenser is charged to 10 volts and the resistor is then connected 
across it, how long will it take for the voltage to drop to 3.7 volts? 

60. In the above problem how long will it take for the condenser, charged to 3.7 
volts, to discharge to 1.37 volts? To 0.5 volt? 


CHAPTER II 


1. The primary coil of a transformer consists of 1,850 ft of No. 34 copper wire; 
with a current of 0.005 ampere of 400-cycle current the loss in the iron core is 0.016 watt. 
What is the total effective resistance of the coil? How much is due to copper loss and 
how much to iron loss? 

2. The plates of a by-pass condenser are made of aluminum foil, 0.0005 in. thick, 
3 in. wide, and 30 ft long; what is the resistance of each of them? 

3. If the above condenser has a capacity of 2 uf how does the resistance of the plates 
compare with the reactance of the condenser at 60 cycles? At 5,000 cycles? 

4. An antenna radiates 650 watts when the current in it is 7 amperes. What is its 
radiation resistance? 

5. If the current in the above antenna is decreased to 1.6 amperes, how much power 
is radiated? If the current remains at 7 amperes and the frequency is increased 22%, 
how much power is radiated? 

6. A coil of 250 wh in series with a condenser of 0.00012 uf offers how much reactance 
to a current of 1,150-ke frequency? 

7. A coil of 0.214 henry and 10 ohms resistance in series with a condenser of 20 uf 
is connected to a 110-volt 60-cycle line. How much current flows, and what is the 
power factor? How much power is used? What is the voltage across the coil? Across 
the condenser? 

8. A coil of 150 wh inductance and 27 ohms resistance is in series with a condenser 
of 0.00026 uf, having negligible losses. If one volt at 1,500 ke is impressed, how much 
current flows? Does the current lead or lag, and how much? 

9. In Prob. 7 what value should the capacity have to bring about the condition of 
resonance, and what is the power factor at this frequency? 

10. In the circuit of Prob. 9 if the maximum safe voltage on the condenser is 300 
volts, what is the highest safe voltage to impress on the circuit? 

11. A coil of 175 wh inductance requires what capacity in series with it to establish 
resonance in a 1,000-ke circuit? 
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12. If a variable condenser, used with a 250-yh coil, is to tune for frequencies between 
600 ke and 1,500 ke, what must be its maximum and minimum capacity? 

13. A wave meter has a condenser with a minimum capacity of 0.000060 uf. Its 
scale is marked from 500 ke to 1,500 ke. What is the inductance of its coil and what is 
the maximum capacity of the condenser? 

14. A coil of 200 uh has a resistance of 8 ohms. What condenser is required to give 
resonance at 750 ke? 

15. With one volt impressed on the circuit of Prob. 14 calculate the current for 
frequencies from 740 ke to 760 ke, calculating the current for points separated from each 
other by 2 ke. 

16. Calculate the decrement of the circuit of Prob. 14 by the use of formula (2-11), 
and check the value from the curve of Prob. 15, using formula (2-9). 

17. A resonant circuit uses a coil of 300 wh inductance and 7.2 ohms resistance at 
the resonant frequency, 450 kc. If the resistance of the condenser may be neglected, 
what is the decrement of the circuit? What is the power factor of the coil? What is 
the ratio of coil reactance to its resistance? 

18. The power factor of a coil at 1,200 kc is 0.012; it is in series with a condenser of 
negligible resistance. What is the width of the resonance curve of the circuit? 

19. The resistance of a certain radio coil increases directly with frequency. What 
is the relation between the width of the resonance curve and frequency? 

20. What is the relation between the Q of a coil and the width of the resonance 
curve, if the tuning condenser has negligible losses? 

21. A circuit is resonant at a certain frequency. How much must the capacity be 
changed if the circuit is to be made resonant for a frequency 4% higher? 

22. A circuit is resonant at 900 ke and uses a condenser of 0.00085 uf. The width 
of the resonance curve is to be not more than 5 kc. What is the maximum permissible 
resistance of the coil? 

23. The decrement of a wave meter is given as 0.008, when the condenser is set at 
0.0011 yf, frequency being 750 ke. What is the resistance, and what is the inductance, 
of the coil? 

“24. A coil of L = 0.214 henry, and 6 ohms resistance is in parallel with a condenser 
of 15 uf, the condenser being in series with negligible resistance. The combination is 
connected to a 110-volt, 60-cycle line. How much current flows in each branch of the 
circuit and how much flows in the line? What is the line power factor? 

25. For Prob. 24, what is the line impedance and what are the resistance and react- 
ance of the line? 

26. In the circuit of Prob. 24, what must be the frequency of the line to result in 
parallel resonance? What will be the line current? Line impedance? Line resist- 
ance? 

27. A coil of L = 250 wh and 7 ohms must be shunted by what capacity to give 
parallel resonance for a 960-ke supply voltage? What will be the resistance of the 
parallel circuit? 

28. If the voltage impressed on the circuit of Prob. 26 has a 1% third harmonic in 
its voltage, what is line current at resonant frequency? 

29. If the voltage impressed on the circuit of Prob. 26 has a 1% third harmonic 
and 1% fifth harmonic what is the apparent resistance (Z/J) of the combination at 
resonant frequency? 

30. In Prob. 26 what is the difference in value of resonant frequency using the accu- 
Seer 
Qn LC 
31. Used as the load circuit of a vacuum tube is a coil of 270 uh and 9.5 ohms 


rate formula (2-19), and the approximate formula f = 


; Soe PN \ 7 
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resistance shunted by a condenser of 320 uuf having negligible resistance. What is the 
resistance of this circuit for resonant frequency? 

32. Calculate the Q of coil C2, Fig. 2-16, for frequencies from 400 to 1,200 ke. 

33. Calculate the Q of coil B, Fig. 2-17, for frequencies from 100 to 800 ke. 

34. The leak resistance of a 1-uf condenser is 1,200 megohms. What will be the 
leak resistance of eight of these condensers connected in parallel? Of three of them 
connected in series? 

35. The input circuit of a triode has a resistance of 800 kilohms. It is across a 
circuit tuned for 1,100 ke, having a coil of 175 wh and 11 ohms resistance. How much 
is the effective series resistance of the circuit? 

36. Assuming that the thickness of paper required for a filter condenser of a given 
capacity is directly proportional to the voltage used, how does the weight of paper 
required vary with the voltage for which the condenser is rated? 

37. Assuming the minimum capacity of a condenser is 15 wuf and that of the circuit 
to which it is attached is 10 uuf, what inductance must the coil have if the highest 
frequency for which the circuit is to be tuned is 1,500 ke? 

38. If the condenser of Prob. 37 is to be a straight-line frequency condenser, with a 
scale marked 0 to 100, and the lowest frequency of the circuit is to be 600 ke, calculate 
the condenser capacity for settings of 20, 40, 60, 80, and 100. 

39. The above condenser is connected to the input circuit of a triode, this having a 
resistance (grid to filament) of 200,000 ohms. Change this shunt resistance to an equiva- 
lent series resistance for condenser settings of 0, 20, 40, 60, 80, and 100. ; 

40. If the losses in the condenser itself are negligible and the coil has a resistance of 
12 ohms at 1,500 ke and 4 ohms at 600 ke, what is the decrement of the circuit for these 
two frequencies? 

41. Referring to Fig. 2-24, assume that the coil Z has an inductance of 20 wh, that 
the frequency of received signal is 1,000 ke, that the condenser in the wave trap has a 
capacity of 0.0005 uf and negligible losses, that the coil in the wave trap has a power 
factor of 2%, that the Z,-C; circuit has a negligible effect on the impedance of L, and 
that the interfering frequency is 980 ke. What is the ratio of the current from the inter- 
fering signal through LZ to that through the wave trap? 

42. The spark signal from a ship has a wavelength of 750 meters. The inductance 
in the antenna circuit is 400 wh and the antenna resistance is 12 ohms. How many 
waves are there in one wave train? 

43. Referring to Fig. 2-24, if L = 20 wh, Li = 250 wh, 7 = 10%, resistance of 
LC; circuit = 8 ohms, resonant frequency of L,-C; circuit = 1,200 ke, what resistance 
does the Z;-C; circuit introduce in the antenna circuit, at its tuned frequency? 

44, An antenna circuit has a total inductance of 62 wh, and the input circuit of the 
first amplifying triode, coupled to the antenna, has an inductance of 225 wh. The 
mutual inductance between the two circuits is 7 uh. What is the coefficient of 
coupling? 

45. If the antenna circuit of the above problem has a total resistance of 32 ohms, 
and a capacity of 0.0003 wf, how much resistance does it introduce into the input circuit 
of the first triode, at the resonant frequency of the antenna? 

46. In the plate circuit of a triode is a coil of 22 uh coupled 45% to the tuned input 
circuit of the next triode, this tuned circuit using a condenser of 120 uuf, and a coil of 
220 wh having a power factor of 0.0072. The input circuit of the next triode has a 
resistance of 550,000 ohms. How much resistance does the tuned circuit reflect into the 
plate circuit of the first triode? 

47. The transformer of an a-f amplifier has in its primary 2,400 ft of No. 36 wire. 
The step-up ratio is 4, and across the secondary which itself has 8,000 ohms resistance is 
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a resistance of 100,000 ohms. What is the apparent resistance of the primary circuit 
(iron loss, reactance, etc., neglected)? 

48. Each of the coils of the tuned coupling circuits of an i-f amplifier has 12 mh in- 
ductance and the condensers are 0.0002 yf. The coils have a mutual induction of 420 
wh. For what two frequencies is the circuit resonant? 

49. A two-section filter has coils of 10 henrys and 100 ohms resistance with shunt 
condensers of 8 uf. Across the second condenser is the load of 1,200 ohms resistance. 
A voltage of 200 + 110 sin 27120¢ + 60 sin 27240¢ is impressed on the filter input. 
What are the magnitudes of the component voltages in the load? (Use approximate 
method given in section 2—25.) 


CHAPTER III 


1. If the power radiated from an antenna is 560 watts when the current is 6 amperes, 
what is the radiation resistance of the antenna? If the current is increased to 15 am- 
peres, without changing the frequency, what is the radiated power? If with 6 amperes 
in the antenna the frequency is dropped to half its original value, how much power is 
radiated? 

2. What is the frequency of the antenna current if the radiated wave is 1,500 meters 
long? What is the frequency of a 450-meter wave? Of a 30-meter wave? Of a 10- 
meter wave? 

3. If the decrement of a spark wave is 0.15, the wavelength 600 meters, and the 
spark frequency 1,000, what fraction of the time is the antenna radiating, on the assump- 
tion that the radiated energy is negligible after the current has decreased to 1% of its 
initial value? 

4. Broadcasting frequencies used today lie between 550 ke and 1,500 ke. What is 
the range of wavelength used? 

5. If the decrement of the overall resonance curve of a three-stage radio frequency 
amplifier is 0.4% at 600 ke, and 0.5% at 1,500 ke, what is the frequency width included 
between the two “half energy” points of the resonance curves for these two frequencies? 

6. An antenna 30 ft high has a total effective resistance at 1,000 ke of 16 ohms. If 
a 1,000-ke signal wave of 2 millivolts per meter passes by, what current is set up in the 
tuned antenna? 


CHAPTER IV 


1. A certain vacuum tube has an emission current of 75 milliamperes and the fila- 
ment power is one watt; what type of cathode is used? 

2. A power tube uses 65 amperes at 22 volts and gives an emission current of 5 
amperes; what is the cathode? 

3. Assuming 10'® molecules of gas per cubic centimeter at atmospheric pressure 
(760 mm of mercury), how many are there when the pressure has been reduced to 
1mm? When it has been reduced to 0.001 mm? When it has been reduced to 1076 
mm? How many at the highest vacuum attainable, namely 10-8 mm ? 

4. On the average how far apart are the molecules of a gas at atmospheric pressure? 
At the highest attainable vacuum? 

5. If a stationary molecule of copper is struck by an electron moving 50 miles per 
second, and if the copper molecule has 100,000 the mass of the electron (nearly the right 
proportion) and if the total kinetic energy is the same after collision as before, and if 
each has an equal amount of kinetic energy after collision, how fast are the molecule 
and electron moving after collision? 

6. Plot curve 3 of Fig. 4-5 on logarithmic cross-section paper, and find the value of 
the exponent for eq. (4-1). Why does the logarithmic plot bend over at the higher 
plate voltages? 


a 
A 
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7. In eq. (4-2) the constant K is the reciprocal of the d-c resistance of the plate 
circuit. Calculate the plate circuit resistances (d-c) of all the triodes given in Section 
7-24. Obtain uw from catalogs. 

8. If the plate current of a diode is 1 milliampere with 25 volts on the plate, how 

much will it be with 10 volts? (Assume a reasonable value for xz.) With 50 volts? If 
with the plate voltage raised to 50 volts the plate current is 0.0012 ampere, what can 
you say about the filament emission? 
__-9. If a triode has an amplifying factor of 8, and the plate current is 0.003 ampere 
with grid potential zero and plate potential 45, what is the plate current with grid 
voltage of — 3 and plate voltage of 90? With negative grid potential of 9 and plate 
voltage of 170? (Assume x = 2.) 

10. With plate voltage of 45 and grid voltage of 1 volt, positive, the plate current 
is 4 milliamperes and grid current is 6 microamperes, amplification factor of the tube 
being 7. What are plate and grid currents with plate voltage of 45 and grid voltage of 
plus 3 volts? With plate voltage of 45 and zero grid voltage? (Assume x = 2.) 

Lé 11. With a plate voltage of 90 and zero grid voltage the plate current of a certain 

O1-A triode is 0.003 ampere and the amplification factor is 8. With an alternating 

voltage between grid and filament of one volt how much alternating current flows in 
the plate circuit? (Assume x = 2.) 

12. Answer the above problem if there is a 10,000-ohm resistance in series with the 
plate. 

13. The mutual conductance of a certain triode is 950 micromhos, the plate current 
(steady value) being 0.005 ampere. If a signal of 0.5 volt is impressed between grid 
and filament, between what values does the plate current fluctuate? 

14. The interstage circuit of a certain r-f amplifier using 201-A triodes (u = 8 and 
Ry = 10,000) consists of a primary coil of L = 5 wh and R = 2 ohms coupled 55% to a 
secondary coil of Z = 250 uh and R = 7. The secondary condenser tunes its circuit 
for the impressed frequency, 1,000 ke. If the signal impressed on the grid of the first 
triode is 2 volts, what is the amount of fluctuation of the plate current, how many 
watts are supplied to the tuned secondary circuit, and what is the voltage across the 
condenser in this circuit? 

15. A type 210 triode permits a signal of 20 volts when its plate voltage is 400 and 
grid bias is 32. Its amplification factor is 7.5 and plate circuit resistance (a-c) is 3,500 
ohms. If the load circuit resistance in the plate is 5,500 ohms, how much power can 
be delivered to the load? 

16. A type 201-A triode has a plate circuit resistance of 12,000 ohms, and amplifica- 
tion factor of 8. If a signal voltage of 5 volts is used and the resistance introduced into 
the plate circuit by the coupled tuned circuit of the next triode is 1,500 ohms (resistance 
of the plate coil itself being negligible), how much power is delivered to the tuned circuit? 

17. From Fig. 4-8 calculate the » of both types of tubes. 

18. Assuming that x for the 201-A triode is 2, calculate the d-c resistance of the tube 
for E, = 100, ZH. = — 4, and calculate Rp. Compare this R, with the value determined 
from the slope of the EZ, — Ip curve of Fig. 4-8. 

19. With a 199 triode using #. = 0 and EH, = 70, how much alternating current 
flows in the plate circuit if a 0.3-volt signal is impressed between grid and filament (use 
Fig. 4-26)? 

20. With a 201-A triode having H, = 0 and having a voltage on the plate of 90 
volts, a signal of 1 volt is impressed on the grid. There is an external resistance in the 
plate circuit of 14,000 ohms. How much voltage must be used in the plate circuit and 
how much power is developed in the load resistance? (Assume z of tube is 2 and use 
Fig. 4-26). 
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21. A resistance-coupled amplifier uses a triode with an amplifying factor of 5.2. 
With a plate voltage of 135 and grid bias of 9 the plate current is 0.004 ampere. The 
plate circuit resistance (a-c) is 11,000 ohms. If a resistance of 20,000 ohms is used in 
the plate circuit how much B battery must be used to bring the plate current to 0.004 
ampere? If one volt signal is impressed on the grid how much is the alternating voltage 
across the output resistance? 

22. In the circuit of Fig. 4-41 the amplification factor of the first triode is 5, the 
inductance of L; is 50 henrys, the transformer turn ratio is 3.5, and the grid bias E, is 
sufficient to prevent the flow of grid current in the second triode. The power factor of 
the coil Li is practically independent of frequency, being 0.3. For the first triode 
R,» = 10,000. With one volt on the input circuit what is the voltage on the second grid 
circuit for signal frequencies of 50, 100, and 200 cycles? 

23. The voltage detection coefficient of a certain triode is 0.39 and its »=6. A 
r-f signal of 0.6 volt, modulated 30%, is impressed on the input circuit; how much a-f 
voltage is available for repeating, if the load-circuit resistance is twice as much as the 
plate-circuit resistance? 

24. In a low-frequency test, the circuit of Fig. 4-49 was used, and the coils each had 
0.12 henry inductance and 19 ohms resistance. The maximum coupling possible with 
the coils was 30%, and the condenser C was 2.0 uf. The triode used had » = 3.5 and 
Ry = 8,800. Should the circuit oscillate? 

25. If the circuit of Prob. 24 is connected to a triode of 1 = 20 and Rp = 15,000 will 
the circuit oscillate? 

26. In Prob. 24 what is the largest value C can have and still permit oscillations? 

27. If the circuit of Prob. 24 is changed to that of Fig. 4-50 will it oscillate? 

28. A circuit arranged as in Fig. 4-49 uses a triode which has an amplification con- 
stant of 8. The B battery is 135 volts and its current is 0.006 ampere. Jy is 200 uh, 
R is 26 ohms, C is 0.0007 uf and LZ, is 50 uh. What must be the coefficient of coupling 
between LZ; and L» to produce oscillations? If the circuit is set for this value of coupling 
and the circuit does not oscillate, what is probably the reason? 

29. How must the resistance FR, of coil Z:, vary with frequency if the same value of 
M is to be just sufficient to produce oscillations for various values of C, of Fig. 449. 

30. If ZL, = 200 uh, R = 40 ohms, ZL. = 50 uh, Rp = 5,000 ohms, u = 5, and the 
highest attainable coupling is 60%, what is the lowest frequency the circuit can generate 
(Fig. 4-49)? 

31. Referring to Fig. 4-50, Z2 = 10 wh, Li = 150 wh, C = 0.0006 xf, Rp = 5,000, u 
of triode = 6, maximum value of 7 attainable = 20%; what is the maximum resistance 
permissible in the oscillatory circuit if oscillations are desired? 

32. What happens to the reading of a c-c ammeter in the plate circuit of Fig. 4-50, 
when oscillations start? Suppose a grid condenser and grid leak are utilized in the 
circuit of Fig. 4-50, what would the answer be? 

33. Referring to Fig. 4-52, coil L, = 200 wh, Li = 5 wh, and Cgp is 10 uf. If 
parasitic oscillations occur what will be their wavelength? 

34. A station assigned to 760-ke frequency shifts from its assigned value by 0.012%; 
what note should be heard in its crystal monitor? 


CHAPTER V 


1. A skilled operator sends 30 words a minute, the average word having 5 letters. 
About what is the duration of one dot? 

2. Referring to Fig. 5-1 the condenser C is made up of eight Leyden jars each of 
0.002-yf capacity. The spark gap is set to break down at 12,000 volts and there are 
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1,000 sparks per second. How much power is drawn from the secondary circuit of the 
transformer? If this has an efficiency of 80% and a step-up ratio of 110 to 20,000 volts, 
how much is the alternator current if the power factor of the primary circuit of the trans- 
former is 0.75? 

3. If the coil ZL; (of the circuit of Fig. 5-1) for the above problem is 16h, what is 
the frequency generated in this closed circuit? 

4. If LZ. is 10 wh and the antenna capacity is 0.0015 uf, what must be the value of the 
loading coil L;? 

5. If the M between coils J; and Ly is 5 wh, what is the coefficient of coupling of the 
closed circuit and antenna circuit? 

6. If 60% of the high-frequency power generated in the closed circuit is transferred 
to the antenna, and this has an effective resistance of 15 ohms, what will the ammeter 
A read? 

7. What is the decrement of the wave sent out from the antenna (quenched gap 
assumed), and how many waves are there per train? 

8. If the antenna is to radiate a 600-meter wave what must be the combined in- 
ductance of Ly and L;, and what must be the inductance of Ly? 

9. Referring to Fig. 5-6, the antenna has a capacity of 0.003 uf and the maximum 
capacity of condenser C is 0.001 uf. The set is to tune up to 3,000 meters. Coil Li 
is wound on a 3-in. tube and coil LZ, on a 35-in. tube. Each coil is 3 in. long. With how 
many turns per inch must each coil be wound? From the wire table pick out suitable 
wires. Allow an increase in diameter of 0.004 in. for insulation. 

10. What is the a-c resistance of the crystal contact used in getting the curve of 
Fig. 5-8? 

11. If the continuous-wave signal of Fig. 5-12 is to set up in the phones of Fig. 
5-6, a continuous current of 3 microamperes, what must be the magnitude of the high- 
frequency voltage across condenser C? (See Fig. 5-9 for this problem.) If the fre- 
quency is 100 ke and the capacity of C is 0.001 uf, how much r-f current is there in the 
L,.-C circuit? 

12. If in the circuit of Fig. 5-20, Zi is 50 wh, Le is 150 wh and C is 0.0008 uf, what 
signal will be received with a note of 500 cycles? 

13. To receive a 3,000-meter wave, with a note of 1,000 cycles, how much must C 
be if Zi is 600 wh and Lz is 2,600 uh? 

14. Referring to Fig. 5-20, if Z; is 100 wh, Le is 250 uh, C is the correct value for 
receiving a 600-meter wave, the tickler coil is 50 wh, resistance of the L,-C—Ly circuit is 
14 ohms, resistance of plate circuit of the tube is 10,000 ohms, » = 5, what is the maxi- 
mum permissible coupling between the L; coil and the tickler coil if a 500-ke spark sig- 
nal is to retain its characteristic musical quality? 


CHAPTER VI 


1. A microphone which, when idle, has a resistance of 50 ohms is in series with a ; 
50-ohm resistance and a 12-volt storage battery, of negligible resistance. If the voice 
makes the microphone increase and decrease its resistance 10% how much a-c power is 
generated in the 50-ohm resistance? On the assumption that the power of the speaking 
voice is 10 microwatts, is this microphone and its circuit an amplifier as well as a con- 
verter? 

2. Referring to Fig. 6-7, the condenser has a capacity of 100 uuf. The resistance of 
R is 500,000 ohms, voltage of # is 300, frequency of voice wave is 500, and the capacity 
of the transmitter changes plus and minus 10% of its idle value. How much power, of 
voice frequency, is generated in Rk? 
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3. A 300-meter carrier wave is modulated by a 60-cycle wave having a third and 
fifth harmonic. What frequencies are sent off from the antenna? 

4. The decrement of a circuit, sharply resonant for 1,000 kc, is 0.008. What frequen- 
cies will be received with only one-half the power as is the carrier wave and what modula- 
tion frequency do these correspond to? 

5. Referring to Fig. 6-16, the signal strengths A, B, and C, across the condenser C 
of Figs. 5-6 and 5-7, are respectively 0.3, 0.2, and 0.5 volt. With the triode detector the 
normal plate current is 0.0005 ampere, both with and without a grid condenser. Using 
the curves given in Fig. 5-9, draw the curve of phone current when crystal detector is 
used, and when triode is used, both with and without a grid condenser and leak. (Re- 
member that with no grid condenser the triode rectifies with increase in plate current.) 

6. In the circuit of Fig. 6-17 the plate choke coil has an inductance of 5 henrys. If 
with a modulation frequency of 100 cycles the plate voltage of the oscillator increases 
and decreases from its average value by 150 volts, what is the amount of fluctuation in 
the current through the choke? 

7. Referring to Fig. 6-24, if the weakest signal is 0.1 volt on the grid of the detector 
and the strongest is 0.5 volt, what are the corresponding diminutions in plate current 
of the detector (see Fig. 5-9)? 

8. Why are the two desirable qualities of a radio receiving set, sharp selectivity and 
fidelity of reproduction, antagonistic? 


CHAPTER VII 


1. An antenna has an effective height of 40 ft and is acted on by a signal strength of 
2 millivolts per meter. The resistance of the antenna itself is 25 ohms, and the resistance 
introduced into the antenna circuit by the coupled tuned circuit of the first amplifying 
triode is 500 ohms. How much current flows in the antenna? How much power is 
wasted in the antenna and how much is supplied to the tuned input circuit of the triode? 

2. If the resistance of the tuned input circuit of the above problem is 10 ohms and 
the reactance of the tuning condenser is 600 ohms, how much voltage is applied to the 
grid of the first amplifying tube? 

3. If in Prob. 2 there are two stages of r-f amplification and the signal applied to the 
grid of the detector is not to exceed 20 volts, what must be the maximum allowable 
voltage amplification per stage? 

4. If the circuit of Prob. 1 is equipped with a crystal detector and phones instead 
of the amplifying triode, and the phones receive 2% of the power supplied to the tuned 
circuit, and the phones have an effective resistance, at the signal frequency, of 5,000 
ohms, what is the current in the phones? If the efficiency of the phones in producing 
sound waves is 5% (a possible figure with the phones close against the head), how much 
sound power is produced by the signal? 

5. If by use of the circuit of Fig. 7-3 the effective resistance of the tuned input 

‘circuit of Prob. 1 is reduced from 10 ohms to 1 ohm and coupling of antenna and closed 
circuits is reduced to 31.6% of its former value, how much power is supplied to the tuned 
input circuit by the antenna, and how much voltage is impressed on the grid of the triode? 

6. The ratio of power output to power input of a certain triode circuit is 125. How 
many decibels of gain per stage does the amplifier have? 

7. At the end of a telephone line the power has decreased to 2% of its original value. 
How many decibels of amplification are required to bring the signal back to its original 
strength? 

8. If the power of a signal is increased by 40 db by a two-stage r-f amplifier, how 
much is the voltage amplification per stage? 
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9. Referring to Fig. 7-15, the inductance in the tuned input circuit from A to B is 
150 uh, the plate coil has 10 uh, and the inter-electrode capacity is 7uuf. If the neu- 
tralization scheme is ineffective what will be the wavelength of the probable parasitic 
oscillations? 

10. In the scheme of Fig. 7-16 there are 25 turns from A to B and ten turns from B 
to C. If the grid-plate capacity is 9 wuf what must be the value of the neutralizing 
condenser C2? 

11. A superheterodyne receiver having a 50-ke i-f transformer is receiving from a 
distant station a signal of 950 ke. A local station of different frequency tunes in at the 
same point of the dial. What is its frequency? 

12. If a disturbing signal as above is to be tuned out by a wave trap and the con- 
denser of the trap is to be on the same shaft as the signal tuning condenser, what type - 
of condenser should be used in both circuits and why? 

13. What is the disadvantage of having a radio receiver with high selectivity in its 
r-f amplifier? 

14. The arrangement of Fig. 4-67 is used for rectifying a 60-cycle supply, resulting 
in a pulsating output with a large 120-cycle and 180-cycle components. If the “‘bleeder”’ 
resistance is 10,000 ohms, what is the ratio of the 120-cycle, and of the 180-cycle, voltage 
ripple across the bleeder resistance compared to that impressed by the rectifier? 

15. Suppose a two-section filter of the type shown in Fig. 2-29. The load resistance 
is 100 ohms, the coils have 0.6 henry each and 10 ohms resistance, and condensers are 
10 wf each. With 100 volts impressed, calculate the voltage across the load for 50, 60, 
65, 70, 75, 80, 85, 90, and 100 cycles. 

16. Suppose the units of the filter Prob. 15 to be rearranged as in diagram (0) of 
Fig. 2-29. Make the same calculations as for Prob. 15, 
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A 


Absorption of radio waves by steel build- 
ings, 107 
Activation of thoriated filament, 120 
Alternating current, 7 
average value of, 10 
circuit, current flow in, 30 
methods of generating, 8 
Ampere hours, 25 
of typical dry cells, 26 
Amplification, audio frequency, 255 
measurement of, 239 
radio frequency, 242 
difficulty of, 243 
Amplification constant, of a triode, 129 
variable, 132 
Amplifier, audio frequency, requirements 
for, 255 
types of, 256 
the push-pull, 262 
triode as, 154 
Amplifiers, relative merits of different 
types, 257 
Antenna, for broadcast receiver, 266 
natural wavelength of, 113 
effect of loading coil on, 114 
effect of series condenser on, 114 
resistance of, 113 
types of, 112 
Arc transmitter, 195 
Atmospherics, 111 
Attenuation of radio waves, 101 
Audio-frequency transformers, design of, 
257 
Audion, 127 
B 
Batteries, capacity of, 26, 29 
primary and storage, 15 
weight per unit of energy, 29 
Beacons, radio, 115 
Bias, necessity for, 262 
Broadeast receiver, a typical, 247, 249, 265 
power levels in a, 267 
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Broadcast station, 226 

cost of a, 229 

speech amplifier of a, 219 
Broadcasting, frequencies used in, 102 


Cc 
Capacitance, 43 
Capacitive reactance, 43 
Capacity, calculation of, 43 
of input circuit, 141 
units of, 41 
Carrier current, 211 
Cathodes, heater construction, 173 
types of, 120 
Code used in radio telegraphy, 183 
Coils, time constant of, 45 
Commutation ripple, 13 
Compass, radio, 114 
Complex waves, 10 
composition of, 11 
effective value of, 12 
harmonics in, 11 
Condensers, 39 
capacity of, 41 
electrolytic, 40 
performance of, 41 
fixed, used in radio, 76 
in series and parallel, 42 
losses in, 79 
shunt and series resistance of, 79 
time constant of, 45 
variable, types of, 78 
Conductance, mutual, of a triode, 142 
Continuous current, 6 
methods of generating, 6 
Continuous wave telegraphy, 96, 184 
comparison with spark, 97, 201 
interrupted (I. C. W.), 97, 184, 198 
Continuous wave transmitter, 192 
generators used for, 193 
Corona, 93 
Coulomb, number of electrons in, 3 
Counterpoise, 112 
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Coupled circuits, resonance characteristics 
of, 88 
use of tuned, 88, 254 
with tight coupling, 87 
Coupling, coefficient of, 37 
inter-electrode, neutralization of, 244 
Crystal rectifier, comparison of triode 
with, 190 
Current, alternating, 7 
effective value of, 9 
form of, 8 
frequency of, 7 
method of generating, 8 
complex wave, composition of, 11 
forms of, 10 
continuous or direct, 6 
flow of, 17 
methods of producing, 6 
pulsating, 12 
units of, 6 
Current flow, in alternating-current cir- 
cuit, 30 
in circuit having resistance, inductance, 
and capacitance, 49, 54 
in condenser circuit, 46 
having resistance, 48 
in continuous-current circuit, 24 
in inductive circuit, 36 
having resistance, 47 


D 
Damped-wave telegraphy, 183 
Decibel, 239 
Decrement, 64 
determined from resonance curve, 64 
formula for, 65 
typical values of, 65 
Detection, power, 151 
effect of grid leak and grid condenser 
on, 153 
Detection coefficient, voltage, 151 
Detector, action of, in radio phone recep- 
tion, 221 
oscillograms of, 152 
triode as a, 147 
Diode, 124 
direction of current in a, 126 
used as detector, 127, 152 
uses of, 127 
Direct current, 6— 
supply of, for plate and grid circuits, 181 
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Directional radio, 114 

Distortion caused by overloading detector, 
255 

Double detection receiver, 199, 248 

Dynamic characteristic of triode, 158 


E 
Effective value, of complex wave, 12 
of sine wave, 9 
Electric current, applications of, 1 
modern conception of, 4 
Electromotive force, 15 
produced by battery, 15 
Electron, charge on an, 3 
Electrons, 3 
evaporation of, from metals, 119 
motion of, 4 
velocity of, in conductor carrying cur- 
rent, 4 
Emission, secondary, 177 
Energy, 26 
stored in coils and condensers, 45 
Evaporation of electrons, 119 


F 
Fading of radio waves, 109 
causes of, 110 
Farad, 41 
Field strength, measurement of, 97 
required for good signals, 118 
Filaments, oxide coated, 120 
thoriated, 120 
Filters, 89 
action of, on a pulsating voltage, 14 
calculation of a low-pass, 90 
Fleming valve, 125 
Frequencies, used in broadeasting, 102 
used in music and speech, 203 
Frequency, constancy of, in oscillating 
triode, 178 
Frequency meter, 60 


G 

Gap, quenched, 185 

synchronous rotating, 185 
Getter, 122 

methods of flashing, 123 
Grid, action of, 1380 
Grid bias, necessity for a suitable, 262 
Grid circuit resistance, 1388 

variation of, with bias, 189 
Grid current due to gas, 130 
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H 
Harmonies, 11 
effect of, on parallel resonance test, 70 
Heater type cathode, 173 
Henry, 31 
Heterodyne, or beat, receiver, 199 


I 
Inductance, 30 
calculation of, 32 
of iron-core coils, 35 
affected by, superimposed continuous 
current, 35 
typical examples of, 31 
units of, 31 
Inductances in series and parallel, 38 
Induction, mutual, 37 
Inductive circuit, current flow in, 36 
Inductive reactance, 32 
Inductor type alternator, 193 
Input circuit of triode, capacity of, 141 
conductance of, 139 
Intelligibility of speech, what determines, 
205 
Interference range of a station, 118 
Interrupted continuous wave telegraphy, 
198 
Ionized atmosphere, action of, 106 
Iron-core coils, inductance of, 35 


Aj 
Joule, 27 

K 
Kennelly—Heaviside layer, 106 
Kilocycle, 8 
Kilowatt, 27 

L 


Loud speaker, cone type, 235 
moving coil, or dynamic, 237 


M 


Maps, radio field-strength, 98 

Microampere, 6 

Microphone, action of, 206 
carbon-button, 206 
condenser, 208 
double-button, 207 
moving-coil, 209 
ribbon, 209 

Microwatt, 27 

Milliampere, 6 


Modulated signal, detection of, 150 
Modulated wave, composition of, 210 
Modulation, grid circuit, 215, 221 

high-level, 217 

low-level, 218 

plate circuit, 215 

typical circuit arranged for, 213 


N 


Neutralization of inter-electrode coupling, 
171, 244 
Noise suppressor tube, 260 


O 
Ohm’s law, 24 
Oscillation transformer, 185 
Oscillations, conditions for, in triode cir- 
cuit, 166 
free, in radio circuits, 83 
how to detect presence of, 169 
parasitic, frequency of, 172 
prevention of, 172 
selectivity of a receiver for, 84 
undesired, 170 
Oscillator, triode as, 160 
various circuit arrangements for, 162 
Output, maximum undistorted, of typical 
triodes, 157 
method of determining, 158 
proper load resistance for, 159 
Output tube, possible undistorted power 
from, 157 
requirements of an, 261 
Oxide-coated cathode, 120 


P 
Parallel circuits, adjustable resistance of, 
7A 
law for, 66 


resonance in, 68 
Parasitic oscillations, prevention of, 172 
Pentode, 177 
Phase of current, in capacitive circuit, 49 
in inductive circuit, 47 
Piezo-electric crystal, for constant fre- 
quency, 179 
methods of cutting, 179 
Plate circuit, characteristics of, 137 
resistance, 135 
variation of, with voltage, 135 
Plate current of triode, 128 
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Plates, heating of, 163 
Poulsen are, 193 
Power, 26 
amount of, in human voice, 204 
used in radio, 116 
radiated, 92 
dependent upon frequency, 92 
reference, for amplification table, 241 
required for audible signal, 117 
supply for A and B circuits, 181 
Propagation of radio waves, 101 
Pulse of voltage, effect of, on resonant cir- 
cuit, 83 
Push-pull amplifier, 263 


Q 
Q of typical coils, 74 
Quality of signal, effect of selectivity on, 
Doi 
Quenched gap, 185 


R 
Radiated power, 92 
dependence upon antenna form, 93 
variation with frequency and current, 53 
Radiation resistance, 53 
of typical antennas, 115 
Radio beacons, 115 
Radio circuits, peculiar behavior of, 50 
resistance in, 50 
Radio coils, reasonable resistances for, 72 
use of stranded wire for, 75 
Radio communication, general idea of, 2 
Radio compass, 114 
Radio field strength, how measured, 97 
maps of, 98 
Radio telegraphy, amount of power used 
in, 116, 201 
Reactance, capacitive, 43 
in circuits having coil and condenser in 
series, 55 
inductive, 32 
of a coil, affected by coupled circuit, 84 
Reactances, capacitive and inductive, 
chart of, 61 
Reactivation of cathode, 120 
Receiver, selectivity of, for free oscillation, 
84 
universal, 264 
Receiving set, double detection, or super- 
heterodyne, 199, 250 
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Receiving set, regenerative triode, 231 
action of a, 232 
disadvantages of a, 233 
requirements of a modern, 233 
simple crystal, 188, 230 
simple triode, 188, 231 
Rectification, crystal and triode, com- 
parison of, 190 
grid circuit, 147 
plate circuit, 148 
Rectifier, 15 
characteristic curves of a typical, 18 
copper oxide, 17 
hot-cathode mercury-vapor, 16 
mercury-vapor, 16 
need of, in radio receiving set, 145 
Resistance, adjustable, of parallel resonant 
circuit, 71 
due to losses in iron cores, 51 
due to radiation, 53 
formula for, 19 
in radio circuits, 50 
increased by skin effect, 50 
of a circuit, as affected by presence of 
another, 84 
reasonable, for radio coils, 72 
series and shunt, relation between, 79 
specific, of various metals, 22 
of water, 20 
table of, for copper wire, 21 
Resistances in series and parallel, 23 
Resonance, 56 
in parallel circuit, 71 
in series circuit, 57 
Resonant frequency, formula for, 57 
Root-mean-square value of an alternating 
current, 9 


Ss 


Screen-grid tube, 175 
sets using, require no neutralization, 


246 
Selectivity, action of, upon quality of 
speech, 222 


of a radio circuit, 62 
of a receiver, effect on quality, 251 
Short-wave receiver, 251 
Short waves, action of very, 105 
behavior of, 103 
Side bands, 211 
Signal strength, method of controlling, 259 
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Sine wave, average value of, 10 
effective value of, 9 
Skin effect in wires, 50 
Space charge, 133 
Spark gap, quenched, 185 
rotating synchronous, 185 
Spark transmitter, 184 
how it functions, 186 
Speaker, loud, 235 
Speech, distribution of energy in, 204 
what determines intelligibility of, 205 
Squelch tube, 260 
Static, 83, 111 
effect of, on tuned circuit, 83 
Steel buildings, absorption of radio waves 
by, 107 
signal strength in, 108 
Stranded wire, use of, for radio coils, 
75 
Superheterodyne receiver, action of, 199, 
250 
use of oscillator-converter in, 250 


a 


Telegraph waves, types of, 183 
Telegraphy, radio, amount of power used 
for, 201 
code for, 183 
Telephone receiver, 191 
balanced armature type, 191 
Telephony, radio, 203 
single side band, 223 
transatlantic, 223 
Temperature coefficient of resistance, 22 
Tetrode, 176 
Thoriated-tungsten filament, 120 
Three-electrode tube, 127 
Time constant, effect of, on quality of 
speech, 222 
of coils and condensers, 45 
Transconductance of a triode, 142 
Transformer, audio-frequency, design of, 
257 
Transmission unit, 240 
Transmitter, continuous wave, 192 
types of generators used for, 193 
spark wave, 184 
Trap, wave, used to diminish interference, 
81 
Triode, 127 
amplification constant of, 129 


Triode, as amplifier, 154 
possible output of a, 157 
constancy of frequency in an oscillat- 
ing, 178 
dynamic characteristics of a, 158 
equation of plate current of, 128 
equivalent circuit of, 135 
grid circuit resistance of, 138 
effect of grid bias on, 139 
grid current of a, 130 
how to detect oscillations of a, 169 
mutual conductance of a, 142 
plate circuit resistance of, 135 
receiver, regenerative, 199, 231 
sereen-grid, 175 
space charge of, 133 
transconductance of a, 142 
undesired oscillations of, 170 
prevention of, 172 
use of alternating current for heating 
filaments of, 174 
used as amplifier, 154 
possible output of, 157 
used as detector, 147 
effect of grid leak and condenser, 152 
used as oscillator, 160 
heating of plates on, 163 
various uses of, 144 
water-cooled, 164 
Tube, proper output, 261 
Tubes, multiple-function, 177 
Two-electrode tube, 124 
characteristic curves of, 125 
direction of current in a, 126 
uses of, 127 
U 


Universal receiver, description of a, 264 


W 


Vacuum, effect of poor, 122 
how obtained, 121 
what is a good, 124 
Valve, Fleming, 125 
hot-cathode mercury-vapor, 127 
Variable amplification factor, triodes with, 
132 
Voice-modulated wave, 209 
composition of a, 210 
Voltage, commutation ripple of, 13 
how produced, 14 
pulsating, 12 
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Voltage detection coefficient, 151 
Voltage doubler, 182 
Volume control, methods of, 259 
automatic, 259 
delayed automatic, 261 


WwW 
Water-cooled tubes, 164 
Watt, 26 
Watt-second, 27 
Wave, a voice-modulated, 209 
composition of, 210 


INDEX 


Wave, ground, 105 

sky, 105 
Wave meter, 60 
Wave traps to diminish interference, 81 
Wavelength, 95 

relation between, and frequency, 95 
Waves, radio, inside steel buildings, 108 

short, and their behavior, 103 

types of, used in radio communication, 

96 
very short, action of, 105 
generation of, 173 


